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Abstract
The gains of direct communication between user equipment in a network
may not be fully realised due to the separation between the user equipment
and due to the fading that the channel between these user equipment ex-
periences. In order to fully realise the gains that direct (device-to-device)
communication promises, idle user equipment can be exploited to serve as
relays to enforce device-to-device communication. The availability of po-
tential relay user equipment creates a problem: a way to select the relay
user equipment. Moreover, unlike infrastructure relays, user equipment
are carried around by people and these users are self-interested. Thus
the problem of relay selection goes beyond choosing which device to as-
sist in relayed communication but catering for user self-interest. Another
problem in wireless communication is the unavailability of perfect channel
state information. This reality creates uncertainty in the channel and so
in designing selection algorithms, channel uncertainty awareness needs to
be a consideration. Therefore the work in this thesis considers the design
of relay user equipment selection algorithms that are not only device cen-
tric but that are relay user equipment centric. Furthermore, the designed
algorithms are channel uncertainty aware.
Firstly, a stable matching based relay user equipment selection algorithm
is put forward for underlay device-to-device communication. A channel
uncertainty aware approach is proposed to cater to imperfect channel state
information at the devices. The algorithm is combined with a rate based
mode selection algorithm. Next, to cater to the queue state at the relay
user equipment, a cross-layer selection algorithm is proposed for a two-
way decode and forward relay set up. The algorithm proposed employs
deterministic uncertainty constraint in the interference channel, solving
the selection algorithm in a heuristic fashion. Then a cluster head se-
lection algorithm is proposed for device-to-device group communication
constrained by channel uncertainty in the interference channel. The for-
mulated rate maximization problem is solved for deterministic and proba-
bilistic constraint scenarios, and the problem extended to a multiple-input
single-out scenario for which robust beamforming was designed. Finally,
relay utility and social distance based selection algorithms are proposed
for full duplex decode and forward device-to-device communication set
up. A worst-case approach is proposed for a full channel uncertainty sce-
nario. The results from computer simulations indicate that the proposed
algorithms offer spectral efficiency, fairness and energy efficiency gains.
The results also showed clearly the deterioration in the performance of
networks when perfect channel state information is assumed.
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Chapter 1
Introduction
1.1 Research Background
Wireless communication has evolved into a ubiquitous technology that sees applica-
tion in personal, military and business scenarios. The proliferation of smart devices
such as smartphones, wearable devices, tablets, phablets and laptops have contributed
to the expansion of wireless communication. Furthermore, applications like smart
metering, intelligent transport, wireless sensor networks, cloud computing, vehicular
communication, machine to machine (M2M), device-to-device (D2D) communication
and the internet of things (IoTs) are also driving the evolution of wireless communica-
tion [1]. There is also the overweening consumer demand for higher speed which has
had its effect on the development or evolution of wireless communication technolo-
gies, an example is the online gaming industry where latency needs to be minimal.
Additionally, autonomous vehicles and smart factories in the emerging Industry 4.0
will need connection to the network.
It is expected that the emerging so-called 5th generation (5G) of wireless networks
will offer higher peak data rates, minimal latency and cater for a heterogeneous dense
network [2], [3]. And so technologies have been put forward, developed and are cur-
rently being tested to meet the laid out requirements of the wireless networks of the
foreseeable future with focus on 5G networks and also to address the limitations that
present and previous generations of wireless technologies could not efficiently address.
Such enabling technologies that could define the 5G wireless systems include massive
multiple antenna deployment, a technology that promises higher throughput in fast
fading environments [4], higher total energy efficiency [5], [6] and improved spectral
efficiency [6]; cloud radio access network (C-RAN), a framework that separates base-
band processing from radio access is envisaged to reduce latency [7] and improve
energy efficiency [8]. Other features that could define future wireless networks are
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software-defined networking (SDN), a technology that will support the heterogeneous
nature of cell deployments in the future [9] and enhance network management [10];
millimetre wave (mmW) communication that has been touted as a solution to the
spectrum crunch and as a platform for the flourishing of massive MIMO deployment
[11], [12]; and ultra-dense network, an overlap of cells of various sizes catering for a
very dense collection of users and devices [13], [14].
Device-to-device (D2D) communication is also an enabling technology proposed
as a candidate technology for future wireless communication. Although the viability
of some of the aforementioned technologies may still be contested, it is indisputable
that highly dense networks will be a key feature of the next phase of wireless net-
works and that implies many devices being in close proximity at most times. This
close proximity makes the case for D2D communication where mobile devices can
directly communicate with each other without routing their signals through the base
station (BS)/eNodeB. D2D communication has been shown in the literature to of-
fer increased overall network throughput, spectral efficiency through frequency reuse,
extend cellular coverage and to reduce the traffic on the eNodeB. Envisaged appli-
cations include content sharing, device discovery, location-based applications, and
emergency services. Furthermore, D2D communication is envisioned to be an enabler
of IoTs. The third generation partnership project (3GPP) has made standardization
efforts on D2D communication by introducing D2D communication for public safety
communication in its Release 12 ProSe specifications [15].
To demonstrate the gains of deploying D2D communication in future wireless
networks, various research efforts have been carried out on the subject matter. Most
of these research works have taken on a system optimization approach.
D2D communication has been studied from the perspective of optimization where
a utility function (which could be transmit power or resource unit) is optimized sub-
ject to stated constraints. In addressing optimization most authors have considered
optimizing a single utility function or jointly optimizing more than a utility function.
Such utility function could be data rate dependent, energy efficiency or transmit
power dependent. For instance, transmit power optimization is studied in [16] and
[17] where greedy optimization approaches in which D2D devices and traditional cellu-
lar devices seek to optimize their own utility at the expense of each other is presented.
Joint optimization is studied in [18], [19]. While most of the optimization approaches
have been heuristic sub-optimal algorithms considering that formulated optimization
problems are NP-hard, game theory techniques have been proposed for D2D resource
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allocation [20]. Furthermore, game theoretic approaches in D2D communication re-
search have been broadly cooperative or non-cooperative depending on whether the
optimization of a distributed or centralised utility function is the target.
Apart from direct communication between devices, in situations where the chan-
nel does not allow direct traversing of signals, D2D communication can be achieved
through relays. Such relays could be fixed (i.e. infrastructure based) or mobile user
equipment. Employing relays to enforce D2D communication although promising
bringss up some challenges. In scenarios where the relays are mobile user equipment,
relay selection techniques and incentive schemes to motivate relaying become neces-
sary. Therefore broadly, in relay-assisted D2D communication research, authors have
either focused on relay selection, resource allocation or incentive designs for relay
participation. Another issue of note in relay aided communication that uses mobile
relays is channel uncertainty. A good number of works assume the availability of
perfect channel state information and so the algorithms developed by such works are
not channel uncertainty aware. There are works that have made efforts in factoring
in the effect of imperfect channel state information in relay-assisted D2D communi-
cation. For instance, in [21], resource allocation algorithms proposed to be robust
against uncertainties arising from imperfect knowledge of both the target link and
the interference link are presented. The disparity between actual and nominal values
was used in modelling the uncertainties. The relays considered are fixed infrastruc-
ture relays and so differs from the work in this thesis in that the relays modelled in
this thesis are mobile devices. In [22] mobile relaying for overall coverage is consid-
ered although unlike the work in this thesis, channel uncertainty due to incomplete
channel state information is not considered. Apart from that, the work in this thesis
puts forward relay selection algorithms that are not only channel uncertainty aware
but relay centric too. Hence this work attempts to fill the gap in relay-assisted D2D
communication with a focus on channel uncertainty aware algorithms that are relay
user equipment centric.
Moreover, in analysing mobile relay assisted D2D communication, most research
works have assumed that the candidate relay is always willing to participate in aiding
D2D communication hence optimizing the relay defined utility is ignored in the op-
timization problem. For the work in this thesis, we are proposing a slightly different
look at relay assisted D2D communication. We consider an approach in which chan-
nel uncertainty from imperfect CSI is considered and relay defined utility is factored
into the optimization problem formulation. To achieve this, deterministic uncertainty
models are used in relay selection techniques proposed in chapters three, four and six.
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In chapter five both probabilistic and deterministic uncertainty models are used. To
achieve the relay centric target of relay selection, stable matching is employed in
chapters three and four. In chapter six, the assignment algorithm is used for relay
selection modelled as a bipartite graph. In modelling the selection as a bipartite
graph, relay defined utility could be optimized in the process of relay selection by
appropriately chosen weight functions.
1.2 Overview of D2D Communication
One of the defining technologies for future wireless communication networks is D2D
communication. At the outset [23], D2D communication was put forward as a multi-
hop technique for data forwarding between mobile devices. Currently, various use
cases have been proposed for D2D communication with a highlight on D2D commu-
nication driving the rollout of massive machine type communication. Apart from
researchers’ interest in the possibility of D2D communication as seen in related lit-
erature, industry players have also shown interest in the technology. Qualcomm had
made a prototype demonstration of the possibility of direct communication with their
proprietary FlahLinQ [24] which is a peer-to-peer communication set up.
Presently 3GPP is working on standardization of D2D communication under its
Proximity-based Services (ProSe) for public safety and commercial applications [25].
D2D communication enables user equipment to communicate directly or in clusters
with limited supervision from the base station. In relay aided D2D communication,
mobile relaying is introduced as mobile devices can help with message forwarding as
against LTE-Advanced fixed relaying [26].
Direct communication between devices has been achieved using mesh networks,
examples of which are WLAN and TETRA among others that mainly use the un-
licensed frequency ranges. The downside of these technologies is their unplanned
deployment which can create difficult interference scenarios. Architecture wise, D2D
communication can be in-band or out-of-band depending on if it uses the same fre-
quency band of the cellular network or not respectively. In-band D2D communication
can be either overlay or underlay. Underlay D2D communication reuses the resources
of cellular users and so improves resource utilization whereas, in overlay D2D com-
munication, the D2D devices use orthogonal resources thereby limiting interference.
For the work in this thesis, underlay D2D communication is considered.
There are ways in which a D2D communication link differs from a traditional
cellular link. One of such ways is in the channel model being that the distance between
4
D2D users in a cell is small in comparison to the distance between most cellular
users and a base station. Additionally, devices participating in D2D communication
will averagely be at similar heights [27]. Moreover, in D2D communication, the
participating entities are mobile, unlike a static infrastructure base station.
The application scenarios for D2D communication includes context-aware adver-
tisement, gaming, content distribution among clustered devices and emergency com-
munication (when the traditional infrastructure fails due to a disaster). The gains
that can be derived from D2D communication includes improved network throughput
[27], [28], [29]; cellular traffic oﬄoading [29], [30] and improved use of available spec-
trum [31], [32] among others. Despite the gains that underlay D2D communication
offers, there are challenges that face its successful deployment major among them
being interference management.
Approaches to these challenges have included resource allocation, mode selection,
power control, co-operative communication, multi-antenna beamforming, and relay
selection. Relay selection becomes necessary when D2D communication is aided by a
relay. Such a scenario can find application in video multicasting through a relay user
equipment and drone mounted relay user equipment in emergency communications.
The following subsection gives a brief overview of relay-assisted D2D communication
highlighting a few literature on the work in the area.
1.3 Relay Assisted D2D Communication Overview
The gains of D2D communication may not be fully realised in scenarios where the
D2D communication link experiences impairment. For such situations, nearby relay
enabled mobile user devices can be employed to aid D2D communication. Such
scenarios could arise when a disaster shuts down the communication infrastructure
or when one member of a D2D pair is out of coverage. Research into relay assisted
D2D communication is budding and some work has been done.
The achievable transmission rate of relay-assisted D2D communication is studied
by Si Wen et al. [33] who consider the spatial density and transmit power of D2D
users from an optimization standpoint. Their analysis shows that though relaying
can offer power saving, having a large number of relays will diminish the gains that
relaying affords. This conclusion can be inferred from the premise that a large number
of relay hops defeats the proximity service idea and increases the delay in delivering
target signals. When relays are involved in wireless communication, they can either
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cooperate with the source device in delivering the target signals to the destination or
cooperation can be ignored.
Cooperative relaying schemes that are based on a superposition of signals are pro-
posed in [34]. In one of the schemes, the designated relay user equipment broadcasts
a combination of its signals and the signals of a cellular source UE. At the designated
receiver, the D2D signal is decoded and at the BS, the cellular signal is also decoded
from the superposed signals. The authors used numerical analysis to demonstrate
the gains of their proposed schemes although the approach might have a complexity
downside. The work in this thesis does not consider cooperative communication. At
relays, relaying strategies could be decode and forward (DF) or amplify and forward
(AF) though, with the power limitations of mobile devices, DF relaying is favoured
in D2D mobile relaying.
DF relaying and transmit power optimization techniques are explored by Donghoon
Lee et al.[35] to limit interference from cellular users towards D2D users. Such inter-
ference management techniques become necessary when D2D communication reuses
the resources of cellular users. The authors considered a system model that allowed
multi-hopping through more than one relay. Basically, the authors assumed that the
direct link is sufficiently impaired to hinder direct communication between the source
and destination. Results of statistical analysis and simulations showed that the prob-
ability of outage is reduced and the capacity of D2D communication was improved
through relaying. The downside of the approach could be that since AF relaying is
not employed at the relay, the signal power level could drop with more hops. Hence
the work in this thesis does not consider multi-hopping.
Since relay aided D2D communication can either be deployed using fixed relays
or mobile relays, in the literature optimal relay positioning has also been studied
although for mobile relays, optimal position may not be enforceable when user equip-
ment are used. Rather than optimal positioning, more insight can be obtained from
deriving the optimal relay region. This becomes key for extending the coverage if a
network operated cell to an out of coverage device.
In [22], mobile relaying for overall coverage extension is considered. A system
level simulation is used in a Manhattan environment to demonstrate the viability of
D2D communication as an alternative architecture to infrastructure-based relaying.
Although the work studied D2D communication via mobile relays, unlike the work
in this thesis, it assumed a perfect channel knowledge of both target and interfering
channels.
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Xiran Ma et al. [36] considered relay selection to reduce the transmit power of D2D
users and so minimize interference. The authors’ proposed non-centralised approach is
benchmarked against the classical centralised relay selection approach. In the paper,
the mobile relays measure the channels and agree on which relay should be used. The
relays are assumed static and it is simulation-based without accompanying analytical
formulation. Moreover, the QoS requirement of the D2D and cellular users were not
considered. Also, the approach adopted by the authors ignored the self-interested
nature of users of relay enabled user equipment.
In relay networks, finding the optimal relay position or region is an area of interest
as it can provide insight into the energy efficient region of relay communication. In
D2D communication, there is limited routing of signals through the base station and
so energy saving is achieved. By using stochastic analysis, the energy saving zone
(being the region where relaying is energy efficient) for relay-assisted D2D communi-
cation is described and a method of energy consumption comparison presented in [37].
The authors showed through stochastic geometry that the relay region is elliptically
shaped and lies around the halfway point between the D2D pairs. A key assumption
of the work is that channel uncertainty is not a consideration and the work did not
propose a relay selection algorithm.
Chen Zhengwen et al. [38] considered joint resource sharing and relay selection
when D2D communication underlays a cellular network. The authors showed through
simulation the network capacity improvement that their proposed relay selection tech-
nique can afford. In enabling D2D underlay communication, the authors ensured that
the uplink cellular resources were re-used in order to limit the interference to cellular
users. Their proposed approach was not relay centric and assumed perfect knowledge
of the channel at the relay and the source device.
Whereas the broadcast nature of wireless systems presents an advantage that
cooperative communication exploits, it also exposes wireless communication to eaves-
dropping from potential interceptors. To tackle this problem and maintain the secrecy
of D2D communication, Keeth Jayasinghe et al. [39] proposed robust beamforming
precoders and decoders. The authors modelled channel uncertainty as Gaussian and
used physical layer network coding at the relay. Unlike the work in this thesis, the au-
thors considered a single fixed relay and so no relay selection technique was proposed.
Moreover, whereas the channel gain between the D2D pair and the eavesdropper
is considered to be uncertain, the channel between the D2D pair and the relay is
considered perfect. Hence the authors considered only a partial uncertainty scenario.
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Given the foregoing, there is a vibrant interest in relay-assisted D2D communica-
tion howbeit there are gaps that still need to be filled. Most research works in the
literature have focused on scenarios where the relay is a fixed infrastructure (i.e. a
low power base station). Not many research works have considered the use of relay
enabled user equipment. Where research works have considered mobile relaying, most
approached their analysis from the standpoint of the availability of perfect knowledge
of the associated channels at the mobile relays and the D2D pair. This approach ig-
nores the dynamic nature of wireless channels and also the uncertainty that variations
in the channel can cause. Also, fixed relays may be mounted on vehicles so that the
UEs within the vehicle could engage in D2D communication within the vehicles (for
example a train or a drone in an emergency rescue scenario). Such mobility scenario
can create channel estimation errors. Hence the need for channel uncertainty aware
algorithms.
Moreover, selection techniques are mostly skewed towards optimizing the benefits
that accrue to the D2D pairs or the entire network without considering the benefit
of the relaying entity. This becomes even more necessary when the relays are mobile
UEs whose users being rational are self-interested. Thus rehashing the need for not
only D2D centric algorithms but relay UE centric algorithms too.
1.4 Research Motivation
As wireless communication keeps evolving, enabling technologies have emerged which
are envisioned to play key roles in future wireless networks. D2D Communication
is one of such technologies which seeks to exploit the proximity of mobile users to
transmit directly between these users with limited supervision by the base station.
While there is a body of work focused on resource allocation, interference man-
agement and content distribution, the analysis in most research works have assumed
scenarios in which perfect CSI is inherent. The availability of perfect CSI at the
relay UE and D2D pairs may not be guaranteed due to the channel estimation errors.
Since relay UEs may be in motion, the effect of channel variation can impact on the
acquired CSI. Hence a need to craft channel uncertainty aware algorithms.
Moreover relayed communication can improve spectral utilization and this is de-
sirable for network operators. A way to motivate more relay participation to enforce
D2D communication is necessary. Therefore a relay centric approach that allows the
optimization of relay defined utility functions is necessary without sacrificing the QoS
of D2D pairs.
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Furthermore, in the area of clustered D2D communication, there is a dearth of
works in robust beamforming for multicast D2D communication. D2D group or mul-
ticast communication is promising because it allows for oﬄoading cellular traffic.
Thus a need to design robust beamforming algorithms. Moreso, where the relay has
a single antenna, robust formulations of D2D clustering problems are necessary to
provide insight into their resolvability and the performance of the resulting solutions.
1.5 Problem Statement
Realising the gains of D2D communication can be hampered when the link between
a source and destination device is degraded by fading or separation. In which case
exploiting the presence of idle devices between source and destination can help enforce
D2D communication and so realise the gains of D2D communication. Having a pool
of idle relay enabled UEs raises the problem of relay selection. How should the
relays be selected? Since these devices are held by users that are rational and self-
focused, taking cognisance of their preferences while not degrading the performance
of D2D communication is necessary. Thus the problem of designing relay centric
selection algorithms. Moreover, the unavailability of perfect CSI at the relay UEs and
D2D pairs constitutes channel uncertainty. Hence the problem of designing channel
uncertainty aware relay selection algorithms that are relay centric.
1.6 Research Question
This research will seek to answer the following research questions:
• Does a stable matching based relay selection algorithm offer an optimal solution
to a relay assisted D2D communication rate maximization problem in a manner
that is also relay centric?
• What gains does a cross-layer uncertainty aware relay selection algorithm offer
over non cross-layer, non-relay centric approaches that are not channel uncer-
tainty aware?
• Can a robust multicast rate maximization for D2D group communication prob-
lem be solved efficiently and does the solution result in improved data rate over
non-clustered communication? What performance will a robust D2D multicast
communication offer?
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• What gains are obtainable from an uncertainty-aware joint power control and
relay selection algorithm when compared to an approach in the literature? Does
the relay-centric selection algorithms enable the participation of more relay user
equipment?
1.7 Research Objectives
Specifically this research work will seek to meet the following objectives:
• To formulate an uncertainty-aware rate maximization problem for relay aided
D2D communication and propose an optimal/ near optimal algorithm that se-
lects relay UEs in a relay centric manner.
• To formulate a robust cross-layer relay selection optimization problem for un-
derlay relay aided D2D communication and formulate an optimal/near optimal
relay selection algorithm to solve the proposed cross-layer optimization problem
based on stable matching.
• To formulate a robust rate maximization problem for group D2D communication
under channel uncertainties and solve the formulated problem to demonstrate
the performance of D2D group communication. To also propose a re-transmitter
selection strategy for the D2D group. To propose robust beamforming for D2D
group communication with multi-antennae group transmitters.
• To formulate a joint power allocation and relay selection problem for D2D un-
derlay communication and propose step-wise power control and relay selection
algorithm and demonstrate the performance of the proposed algorithm in com-
parison with available algorithms in the literature.
1.8 Research Methodology
For this research work, computer simulations were used to generate results for anal-
ysis. Computer codes were developed and tested. Optimization problems were for-
mulated and solved using the convex optimization tool (CVX). Underlay D2D com-
munication was considered. User equipment (UEs) or mobile devices were modelled
as uniformly distributed points within circular cells. We considered isolated cell sce-
narios and except in chapter five where inter-cluster interference applies, in the other
chapters, inter-cell interference was assumed non-existent.
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The channel model adopted was distance dependent path loss model and the
relaying strategy is decode and forward (DF). One way DF, two way DF and full
duplex DF relaying strategies were considered separately in the work in this thesis.
Channel state information was assumed to be imperfect and the uncertainty was
modelled as additive to the channel gain. Cases of partial uncertainty where channel
imperfection existed only in the interfering channel and full uncertainty where channel
uncertainty existed in all channels were considered.
1.9 Research Scope
This research focused on relaying in underlay D2D communication with channel un-
certainty. It proposed a cross-layer relay selection strategy, a joint power control and
relay selection algorithm, a re-transmitter selection technique for group communica-
tion. It formulated and solved robust multicast D2D communication problems using
simplifications to relax constraints.
Channel state information in the interfering channels are considered imperfect
and so our analysis involves resulting uncertainty. Deterministic and probabilistic
uncertainty approaches are employed. Where channel uncertainty is also present in
the non-interfering channel (a case known as full channel uncertainty), the equations
are re-formulated to factor the uncertainty into the interfering channel. For the robust
multicast scenario, both full and partial uncertainty modes are studied.
The relaying strategy in use in this work is DF relaying and cooperative commu-
nication between devices and relays is not considered. One way DF and 2 way DF
relaying have been considered in this work. Furthermore, this work does not consider
network coding and so it is not within the scope of this thesis.
User discovery and pairing between devices are assumed already initiated and so
the actual conveying of data between source and destination is the focus of this thesis.
It is held in this work that the UEs have single antennas and where multiple antennas
are used in the analysis, such are employed at the base station/eNodeB or at the relay
UEs.
1.10 Thesis Novel Contribution
This thesis deviates in many ways from the works available in the literature. The
system models used in this thesis build from concepts available in the literature,
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adapting them to suit the focus area of the research in this thesis. The novelty of this
research work are listed below:
• A channel uncertainty aware relay centric relay selection algorithm is put for-
ward in chapter three. By employing the stable matching algorithm, not only
D2D pairs but relay UEs can specify their preferences for participating in re-
layed D2D communication.
• A cross-layer relay selection algorithm based on physical layer and MAC sub-
layer parameters is proposed in chapter four. This algorithm is not only channel
uncertainty aware but caters for a relay defined utility function through the sta-
ble matching’s feature of preference definition.
• In chapter five, D2D multicast communication is formulated as a robust rate
maximization problem. Moreover, a k-means based cluster head selection ap-
proach is proposed for multicast communication. Furthermore, cumulative dis-
tribution function simplifications were proposed to simplify probabilistic con-
straints. As far as we know the formulation of a robust multicast D2D beam-
forming is unique to the work in this thesis.
• A joint power allocation and relay selection problem formulated for full duplex
D2D communication is solved using linear programming and two algorithms:
a relay utility based algorithm and a social distance based algorithm. The
employing of the assignment algorithm for relay utility based and social distance
based algorithms for D2D selection is unique to the work in this thesis.
The research publications that were undertaken during the course of the work in
this thesis are:
1.10.1 Journal Publication
• U. Uyoata, J.Mwangama and M. Dlodlo, ”Robust Multicast Beamforming for
Device to Device Communication, IEEE Communication Letters, March, 2019.
[Submitted]
• U. Uyoata and M. Dlodlo, ”Cross Layer Relay selection in D2D communication”
Springer Wireless Personal Communication, 2019. [Accepted]
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1.10.2 Conference Proceedings
• U. Uyoata, M. Dlodlo and J. Mwangama ”Robust Multicast Device to Device
Communication” IEEE ANTS 2018, Indore, India.
• U. Uyoata and M. Dlodlo, ”Joint power allocation and relay selection for relay
assisted D2D communication with channel uncertainties,” IEEE EUROCON
2017 -17th International Conference on Smart Technologies, Ohrid, Macedonia
2017, pp. 486-490
• U. Uyoata and M. Dlodlo, ”Relay selection in D2D communication with chan-
nel uncertainties: A stable matching approach,” 2017 Global Wireless Summit
(GWS), Cape Town, South Africa 2017, pp. 262-265.
• U. Uyoata and M. Dlodlo, ”Incentive/reward based relay selection for device to
device communication,” 2017 IEEE AFRICON, Cape Town, South Africa 2017,
pp. 256-261.
• U. Uyoata, M. Dlodlo and J. Mwangama, ”Relay Assisted Device-to-Device and
Massive MIMO interplay” SATNAC 2018
1.10.3 Preprints
• U. Uyoata and M. Dlodlo, ”Relay Assisted Device-to-Device Communication:
Approaches and Issues.” http : //arxiv.org/abs/1810.07799
1.11 Thesis Organisation
The thesis is made up of seven chapters. In chapter one, an introduction is given and
the basis for the work is laid out with highlight on a few literature on the subject
matter of this thesis. Chapter two critically examines related literature to establish
the state-of-the-art and point areas where our work endeavoured to fill. In chapter
three, a stable matching based relay selection technique for D2D communication is
proposed in the face of channel uncertainty. The proposed algorithm is compared
with other algorithms and discussions are drawn.
Chapter four discusses the performance of a proposed cross-layer relay selection
algorithm in comparison with other benchmark algorithms. It shows through energy
efficiency, spectral efficiency and fairness parameters the performance of the proposed
algorithm.
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Stretching the discussion to clustered communication, chapter five focuses on
transmitter selection and cluster formation for D2D communication. A robust formu-
lation of a rate maximization problem of D2D multicast communication is formulated
and solved. Furthermore, a multi-antenna transmitter scenario is presented and its
formulated robust beamforming problem is also solved. The chapter addressed the
effect of cluster size and channel uncertainty due to channel estimation errors.
In chapter six, a joint power allocation and relay selection algorithm is presented.
Two relay selection algorithms are proposed and their performances presented. The
conclusion of the work in this thesis is given in the seventh chapter and recommen-
dations for further work are also presented in chapter seven. In appendix 1, the
complexity of the cornerstone algorithms upon which our work is based is given. Ap-
pendix 2 gives a proof of convexity of the problem formulated in chapter 5 and in
appendix 3 is a demonstration of D2D underlay massive MIMO enabled network.
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Chapter 2
Relay Assisted D2D
Communication: A Review
2.1 Introduction
A concise review of literature related to relay assisted D2D communication is given
in this chapter to provide insight into the state of research in the subject area and to
also underscore the gaps that the work in this thesis has endeavoured to fill. Firstly
the architecture of D2D communication is laid out before the various aspects of relay-
assisted D2D communication research are delved into.
Wireless communication has come a long way: from the putting forward theoret-
ically the possibility of wireless propagation by James Clarke Maxwell through the
experimentation by Marconi to the present era there has been an evolution of wireless
networks from the mainly analogue first generation (1G) to the emerging data-centric
high speed, very low latency 5th generation. Moreover, in evolving from 1G towards
5G wireless communication networks, the wireless communication networks are mov-
ing from network centric designs to device-centric approaches.
The envisaged ultra-dense and heterogeneous nature of future wireless networks
have motivated proposals of possible technologies for future generation networks.
Moreover, mobile data traffic is envisaged to form a larger part of the mobile com-
munication service in 5G communication networks.
Some of the enabling technologies that have been proposed and are being in-
vestigated include machine type communication (MTC), massive multi-input-multi-
output (MIMO), small cells, and D2D communication among others. The drive to
test and deploy these technologies are hinged on the promise of the improved data
rate, improved energy efficiency and significantly reduced latency which a 5G wireless
communication network is expected to offer. D2D communication has the potential
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to facilitate the meeting of outlined key performance indicators (KPIs) of the 5G
networks owing to the gains D2D offers as outlined in the literature.
D2D communication has been shown to offer improved spectral efficiency [29],
extend cell coverage [15] and energy efficiency of cellular networks which are attractive
reasons for mobile network operators (MNO) to consider the D2D technology.
A first step into D2D communication was an initiative by Qualcomm. It developed
FlashLinQ [24]; a peer-to-peer communication scheduler that is based on time divi-
sion duplex (TDD) orthogonal frequency division multiplexing. FlashLinQ allowed
for peer discovery and distributed networking. From this initial foray into direct
communication between devices, D2D communication has gone mainstream seeing
standardization efforts by 3GPP to make it part of its releases.
Apart from low frequency push to talk (walkie talkie) device, the prospect of direct
communication between devices clearly emerged in the third generation of wireless
communication networks in which technologies like Bluetooth and WLAN became
largely available. Although similar to MANETs architecturally, D2D communication
in the underlay mode can avoid the uncontrolled interference that can arise from
contention based approaches like WLAN. Furthermore, the losses that may arise from
multi-hop based approaches like MANETs are reduced by D2D communication that
can be achieved in at least two hops. D2D communication differs from MANETs in
that although a central network entity may be passively involved in D2D operation,
the central entity undertakes just some limited functions. Such functions include
synchronisation, allocation of resources and communication session set up which are
all control functions [27]. Architecturally D2D communication can be structured
based on which entity in the network controls the link establishment. For network
controlled link establishment, the D2D architecture can be:
1. Direct communication between a device within a network and another outside
the network coverage or
2. Direct communication between two devices within a network.
When the link establishment is controlled by one of the devices, the D2D architecture
can be:
1. Direct communication between devices or
2. Relaying between two devices within a network.
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To realise the potentials of D2D communication, there are technologies that can be
integrated into D2D communication or used together with D2D communication. Such
technologies include cognitive radio, cooperative communication, millimetre wave
technology and massive MIMO communication. A brief review of these technolo-
gies is given in the following.
2.1.1 Cognitive Radio
Cognitive radio (CR) is a technology that allows a device to vary the configuration
of its parameters to suit its surrounding environments. Through cognitive radio net-
works, the available spectrum can be properly utilized by allowing secondary users to
transmit in the unused available spectrum bands of primary users. A hybrid cognitive
radio network with D2D communication has been put forward in the literature.
D2D communication can be modelled as a cognitive radio network in which the
D2D devices act as secondary users that opportunistically share spectrum with the
primary users. In [40], the deployment of D2D and cognitive radio network for dis-
aster management in a mobile cloud set up is proposed and the problem of relay
selection in this network is formulated as a mixed-integer non-linear problem. More-
over, cooperative communication between D2D nodes and CR nodes is proposed.
D2D communication over CR network is considered in [41] where a cooperative MAC
protocol is proposed. Combining CR and D2D communication although promising
throws up interference scenarios especially in the underlay mode.
The work in this thesis does not consider the coexistence of CR and D2D com-
munication.
2.1.2 Millimetre wave technology
The increasing demand for bandwidth draining applications puts a strain on the avail-
able scarce spectrum for wireless communication in the microwave frequency range.
A solution to the limited bandwidth availability has been the promising millimetre
wave (mmW) which allows the use of higher frequency for wireless communication.
Implementing D2D communication in the mmW band holds promise because of the
bandwidth available in these bands which could allow for overlay D2D communica-
tion. Moreover, since there are unlicensed bands in the mmW frequency range, D2D
communication in these bands can be carried out without incurring interference to
cellular users.
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2.1.3 Massive MIMO communication
To meet the stringent KPIs of the future broadband networks, an earmarked enabler
for 5G communication networks is the deployment of antennas at the BS such that
the number of antennas at the BS far exceeds the number of UEs in the network.
This technique which is referred to as Massive MIMO has been demonstrated to show
increased spectral efficiency being that the BS can communicate at the same time to
many UEs in the network. In [42], the coexistence of Massive MIMO and underlaid
D2D communication is studied and an exclusion zone is proposed to limit the inci-
dence of pilot contamination in massive MIMO communication. In [43], oﬄoading
cellular data to D2D communication is studied to demonstrate a trade-off between
achievable capacity and the number of off-loadable users.
While combining D2D communication and massive MIMO communication is at-
tractive, understanding the compromise (trade-offs) between energy efficiency and
spectral efficiency in such a scenario is key to efficient designs. Moreover determining
the volume of D2D users that can be permitted in a cell in which massive MIMO is
deployed is important. This problem is explored by Serveh Shalmashi et al. [44] who
showed that the performance of the average sum rate and energy efficiency are not
the same under different D2D user and number of antennae density although perfect
CSI is assumed by the work.
The work in this thesis considers a MISO D2D multicast scenario with full channel
uncertainty.
2.1.4 Full Duplex Communication
Full duplex communication allows the concurrent transmission and reception of sig-
nals. Full duplex communication can be in-band in which transmission and reception
occur on the same band or out-band where transmission and reception occur on sepa-
rate bands. Tests have shown that the major drawback of full duplex communication
which is self-interference can be overcome by cancellation techniques in the literature.
Leveraging the potential energy efficiency of D2D communication and spectral effi-
ciency that could be derived from full duplex communication, integrating full duplex
communication into D2D communication has been proposed in the literature.
An overview of the potentials and challenges of combining in-band full duplex
communication and D2D communication is provided by Li Wang et al. [45]. Two
cooperative modes are proposed for full duplex D2D communication in [46] to allow
resource sharing between D2D and cellular devices.
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An investigation into full duplex D2D communication for a cellular network in [47]
considered where a power control technique to limit interference to cellular users and
interference from cellular to D2D users is handled by a proposed reduced interference
area where D2D communication can occur. Similar investigation into the performance
of full duplex communication [48] shows the gains of allowing full duplex radios to
communicate using D2D communication.
The work in this thesis like the aforementioned works considers a full duplex
scenario in chapter six but with a relay centric and channel uncertainty bend.
Although the 5th generation of communication networks has not been yet finalised,
research in D2D communication is based on some protocols and architecture that were
earlier introduced but will be given a broader description in the following subsections.
2.2 D2D Communication for Future Wireless Com-
munication: Classifications and Architecture
D2D communication can be classified based on the frequency bands within which D2D
communication operates. Thus D2D communication can be out-of-band or in-band
D2D. Basically whereas in out-of-band D2D communication, communication occurs
in frequency bands that are different from the bands used by cellular users, in in-band
D2D communication, both cellular users and D2D users share the available band. Out
of band D2D communication can employ unlicensed Wi-Fi frequency bands. In in-
band D2D communication, the D2D UEs can either re-use the frequency resources of
cellular UEs (an approach named underlay D2D communication) or use a dedicated
frequency resource (also called overlay D2D communication).
2.2.1 Out-of-Band D2D Communication
Out-of-band refers to when D2D devices use frequency bands different from the li-
censed band set aside for cellular communication. The advantages of this approach
include reduced co-channel interference, increased frequency re-use although since
the band of interest is unlicensed, contention for access may need to be dealt with.
Furthermore controlling interference between the D2D devices and other devices (like
Wi-Fi) sharing the unlicensed spectrum can cause interference.
In [49], a channel sensing and resource allocation scheme is proposed for the
coexistence of D2D and WLAN. It uses a sort of clustering approach in which a
cluster head or group head (a D2D pair) contends for resources on behalf of a cluster
in order to limit inter-group contention. In the proposed design, an intending D2D
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sender senses the available spectrum to determine if it is occupied by WLAN devices
or not before it initiates communication directly to its intended D2D receiver. Where
the channel is occupied, the D2D sender backs off. It transmits in a case where the
channel is free during which neighbouring WLAN station remain silent.
In [50], a scheduling protocol for the coexistence of WiFi-Direct and LTE is dis-
cussed. The scheme proposed allows LTE D2D devices to form clusters based on the
quality of the Wi-Fi connection. The scheme is shown to offer performance gains
over round robin (RR) scheduling. Out-of-band D2D has been researched for content
sharing as proposed in [51], [52]. The focus of the work in this thesis is on in-band
D2D communication.
2.2.2 In-Band D2D Communication
In this case, D2D communication occurs in the same frequency band as cellular com-
munication. In-band D2D can either be underlay, where the D2D UEs share the same
resources or overlay where the spectrum allotted to the cellular UEs is orthogonal to
that od the D2D UEs. In the former case, interference between the D2D UEs and the
cellular USe needs to be managed although this approach is spectrally efficient. The
overlay approach assigns orthogonal channels to D2D communication with respect
to cellular communication and so interference between them is minimized. Overlay
spectrum sharing in OFDMA based WiMAX is proposed in [32] showing the possi-
bility of coexistence of D2D devices and cellular devices without breakage of cellular
communication. This work does not compare the performance with an underlay ap-
proach. On the other hand, the work in [29] studies an underlay approach defining
interference management schemes and session management protocols.
The work in this thesis focuses on underlay in-band D2D communication.
2.2.3 Architecture of LTE D2D Communication
There have been efforts to standardize D2D communication, main among them is
the LTE Proximity Services (ProSe) developed by 3GPP. ProSe under which D2D
communication falls has gone through standardization phases beginning in 2011 and
is ongoing. These standardization efforts have sought to among other goals come up
with specifications on the system architecture, use cases, security, privacy, protocols
at the network layer, performance evaluation models and terminal provisioning at the
physical layer. Based on 3GPP specifications [25], the four scenarios (so far) under
which D2D communication can be employed are given as:
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• Scenario A: outside network coverage,
• Scenario B: partial network coverage (relay),
• Scenario C: in network coverage (intra-cell) and
• Scenario D: in network coverage (inter-cell).
These scenarios are as depicted in Fig. 2.1.
Figure 2.1: LTE D2D communication architecture
Scenarios A and B are reserved for public safety application whereas scenarios C
and D apply to both public safety and commercial use cases. These scenarios are
similar to the one described by Mohsen Nader Tehrani et al. in [53] wherein D2D
communication is divided into four modes namely:
• Device Relaying with Operator Controlled Link Establishment (DR-OC),
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• Direct D2D communication with Operator Controlled Link Establishment (DC-
OC),
• Direct Relaying with Device Controlled Link Establishment (DR-DC) and
• Direct D2D communication with Device Controlled Link Establishment (DC-
DC).
In DR-OC, the D2D devices transmit their signals through other devices to the
BS with the BS (or eNodeB) managing and controlling the link set-up. This finds
application in scenarios where a device is at a cell edge and can reach the serving BS
through another device within coverage using direct communication.
The BS also controls the link set up in DC-OC although mobile devices do not need
a relay(s) for retransmission. This architecture can be applied in sharing multimedia
content between devices that are interested in the same content and so oﬄoad the
network of the burden of serving individual devices.
In DR-DC, the terminal devices control and manage their link set-up but do not
directly communicate; a situation which may offer cooperative diversity gain. Com-
munication between the source device and destination device occur through relay(s).
The communication can be cooperative where the existence of a direct link is as-
sumed or non-cooperative where the direct link between the source and destination
is non-existent.
DC-DC on the other hand, involves direct communication and device managed
control; this communication scenario can apply where devices are in out-of-coverage
scenarios. Basically, these D2D scenarios can either be:
• Network authorised D2D communication or
• Network independent D2D communication.
Network independent D2D communication, although similar to MANETs varies in
various ways. MANETs lack a central control and the contentious manner in which
resources are shared within MANETs by ad-hoc nodes makes QoS guarantees diffi-
cult. Furthermore, D2D communication employs single hops as against the multi-hop
feature of MANETs. The aforementioned communication scenarios are possible under
an architectural framework. Relay-assisted D2D communication which is the focus of
this thesis becomes necessary when the direct link does not allow for direct commu-
nication due to the separation between devices or deep fading. For the work in this
thesis, the DR-OC is applicable.
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2.3 D2D Communication for Future Wireless Com-
munication: Research Approaches
Research in D2D communication for future wireless communication is thriving and
has shown the benefits that network providers and users of communication networks
can derive. These benefits can improve the CAPEX for network providers and also
improve user experience. To realise these benefits, there are design and implementa-
tion challenges to overcome.
The introduction of D2D communication in cellular networks wells up challenges
prime among them is interference. Interference in underlay D2D communication
can be in four forms depending on whether D2D communication reuses the uplink
or the downlink resources of cellular users. When the uplink resources are used, the
serving BS experiences interference whereas the neighbouring cellular users experience
interference when downlink resources are used. UEs engaging in D2D communication
also suffer interference from cellular communication. Within a D2D pair, the D2D
destination or receiver does experience interference from cellular users in the downlink
and from adjacent D2D communication in the uplink.
Introducing D2D communication into a cellular architecture in an underlay mode
changes the architecture making it a multi-tier set-up and so creates scenarios. Whereas
the interference towards the BS can be relaxed considering its inherent computational
capacity, the interference towards the UEs (whether cellular or D2D) is consideration
worthy being that if such interference is not mitigated, deterioration of the potential
gains of adopting the D2D technology can be experienced. Interference in D2D com-
munication underlaying cellular communication can be categorised based on the tier
or category that the devices causing interference falls into.
When D2D and cellular communication coexist, a cellular tier and a D2D tier are
created and so interference from this perspective can either be co-tier interference
or cross-tier interference. This can also be categorised as D2D tier interference and
cellular-D2D tier interference. D2D tier interference points to the interference that
a D2D transmitter causes to nearby UEs that are not its target destination. This
category of interference can occur when D2D communication re-uses the uplink or
downlink resource whereas cellular tier interference refers to the interference experi-
enced by cellular UEs and the BS. For these interference paradigms, research efforts
to tackle or mitigate interference in D2D enabled cellular communication networks
have been proposed. These approaches can be centralised in which a central en-
23
tity (eNodeB/BS) coordinates the interference, distributed wherein D2D UEs handle
interference mitigation or a hybrid of the two.
Theoretically, a straightforward approach to coordinate interference in D2D en-
abled cellular communication would be to allocate dedicated resources for each tier
of communication. This viewpoint informs the overlaid mode of D2D communica-
tion although it has the disadvantage of inefficient spectrum utilization. Interference
management algorithms have been mainly in the following categories:
• Power control,
• Mode selection and
• Resource allocation.
In the following subsections, snapshots of research works on these interference man-
agement techniques are given.
2.3.1 Power Control
Power control is a straightforward approach to limiting interference. Defining an
allowable power level for D2D communication can ensure the coexistence of D2D
communication and cellular communication with reduced interference. Power control
allows the transmit power of D2D UEs to be statically or dynamically allotted in
order to limit interference to neighbouring cellular and D2D UEs. Furthermore,
power control algorithms can be implemented centrally or in a distributed fashion.
D2D communication also suffers from the so-called near-far problem since the
D2D signal is weaker in comparison with the stronger cellular signals. An interference
cancellation technique is proposed to tackle the near-far problem in [54] that allows the
BS locate near-far interference prone cellular UEs through common control channel
(CCC) and so informs D2D devices to reduce their transmit power. It assumes an
autonomous D2D system, a CSMA/CA MAC protocol, considers uplink frequency
re-use, and uses D2D SINR levels to determine near-far interference to cellular UEs.
The use of SINR as a parameter to determine a threshold for power control is
explored in [55] where obtained SINR of the D2D devices are used to limit the in-
terference caused to the BS (in the uplink) and the cellular users (in the downlink)
by controlling the power used in D2D communication based on the distance of D2D
devices from the BS. From the work, it is shown that for D2D users near the BS,
sharing downlink resources offer better performance and for farther users, sharing
uplink resources is better.
24
Power control is considered in [56] for uplink resource allocation using a centralised
power control algorithm. While a centralised scheme exploits already available infras-
tructure, the signalling overhead makes it involved especially for a dense concentration
of UEs in a cell.
2.3.2 Mode Selection
In deploying D2D communication within a cellular network, D2D UEs may not en-
gage in D2D communication all the time except where the conditions favour D2D
communication. Such conditions could be channel quality or the separation between
the devices. Moreover switching to D2D communication should be such that the po-
tential benefits are realised. The modes to select between could be cellular or direct
communication; relayed or direct communication [57]; underlay or overlay; in-band
or out-band communication. Interference can also be mitigated using appropriate
mode selection techniques in which the operation modes of D2D UEs are selected for
optimal communication performance.
While power control has been studied as a means of resource management, mode
selection is also an area that has received attention. Mode selection is considered for
undelay D2D communication system by Timo Koskela et al. in [58] where clustering is
viewed as a D2D communication mode. System simulations were used to demonstrate
the superiority of the mode selection schemes proposed therein. Mode selection hinges
on a certain parameter or criteria which determines the particular mode to select, such
parameters could be the distance in between the D2D devices [57], transmit power of
the D2D devices [57], D2D and cellular link quality [59]. Choosing between modes
is not the only approach to limit interference: allocating the finite time/frequency
resource to devices in either D2D mode or cellular mode is also an approach.
2.4 Resource Allocation
Resource allocation, a corpus of techniques that aims to efficiently allot time/frequency
resource blocks to UEs has been proposed by various authors as an interference con-
trol approach. Mostly formulated as optimization problems to optimize some metric,
many algorithms have been studied for resource allocation designed for D2D commu-
nication. Example techniques explored hinge on concepts like frequency reuse [60],
graph theory [61], matching theory, game theory [62] and time-frequency hopping
[63].
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The work in this thesis focuses on relay assisted D2D communication and a survey
of the same is provided in the following section.
2.5 A Survey of Relay Aided D2D Communication
Hop gain, proximity gain, reuse gain and diversity gain which are potential wins of
D2D communication has attracted the interest of industry and the academia. These
potential gains of direct communication between devices may not be fully realised
when the separation between the source and destination devices and the deterioration
of the channel between the D2D pairs makes direct communication inefficient. In such
scenarios, instead of switching to cellular communication; the presence of nearby idle
UEs can be exploited for mobile relaying in order to enforce D2D communication.
Such mobile relaying can be cooperative where the direct link between a source and
destination device is assumed available or it could be non-cooperative where the direct
link assumed non-existent. The work in this thesis does not consider cooperative
communication. A diagram showing a basic setup for relay aided D2D communication
is given in Fig. 2.2.
Figure 2.2: Underlaid relay assisted D2D communication set-up
Hence, despite that D2D communication is focused on user devices that are in close
proximity, channel impairment and the separation between a D2D pair can deteriorate
the performance of a D2D communication setup. In such cases, employing a relay
enabled user equipment becomes necessary. Relay aided D2D communication is not
just an area of research interest, it has also been considered by a standardization body
namely the 3GPP. The 3GPP, apart from introducing direct communication between
devices in the 12th release of its specifications, have also made provisions for relay
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aided coverage extension in release 13 of the its specifications [64]. There are some
works in the literature on relay aided D2D communication.
These works can be broadly categorised into:
• Resource allocation,
• Performance Analysis and
• Relay Selection
2.5.1 Resource Allocation for Relay Assisted D2D Commu-
nication
The race to meet the key performance indices of future wireless communication net-
works has motivated research efforts into techniques for allocating frequency resources
to devices in these networks. There have also been resource allocation algorithms put
forward for relay-assisted D2D communication. Whereas there have been centralised
allocation algorithms proposed in the literature, the seemingly ad-hoc nature of D2D
communication has also inspired distributed techniques.
Resource allocation for relay-assisted D2D communication with fixed infrastruc-
ture relays is considered in [65]. The authors proposed a message exchange approach
between the user equipment and the relay to achieve optimal resource allocation for
D2D communication. The relay node modelled in the work is the LTE-A L3 relay.
The authors modelled the resource allocation problem as a sum rate maximization
problem for which a message passing approach was proposed. The authors did not
consider relay selection and moreover assumed the availability of perfect CSI at the
relays.
A centralised resource allocation technique is proposed for relay-assisted D2D
communication in [66] using numerical optimization. The authors formulated the
resource allocation problem as a mixed integer non-linear problem which was shown
to be difficult to solve and so certain constraints were relaxed to make for a tractable
solution. The authors did not consider the effect of channel uncertainty and showed
a distance threshold for deriving target gains from D2D relaying for the considered
scenario. Unlike our proposed work, relay selection was not considered. The nature
of the wireless channel can cause errors in the estimation of the channels at receiving
and transmitting nodes. Although assuming perfect channel can ease analysis, such
analysis serve as benchmarks to others that consider imperfect channel conditions.
Few authors have considered channel uncertainties in D2D communication analysis.
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In [67], distributed resource allocation based on stable matching is proposed for
a formulated resource allocation optimization problem. The authors considered the
existence of channel uncertainty and for the channel uncertainty model, a bounded
uncertainty set was employed. Although the work considered full channel uncertainty
and used stable matching as in our work, static infrastructure relays and not mobile
user equipment were modelled.
Monowar Hasan et al. [21] factored in channel uncertainties in their proposed
distributed resource allocation algorithm for underlay D2D communication assisted
by non-mobile relays that are part of the core network. Channel uncertainty is mod-
elled as a bounded value that is added to the channel gain. Using the worst case
uncertainty approach, resource allocation and power allocation is formulated as a ro-
bust optimization problem for which constraints are relaxed and the problem solved.
Relay selection is not considered and the relays are not mobile relays but are rather
stationary fixed low power BS. Junquan Deng et al. [68] presents SC-FDMA relay-
ing in the uplink in a multi-cell, multi-user network and performed a joint resource
allocation and relay selection. The relay selection algorithm is based on the position
of the relay UEs and knowledge of the channels of consideration are assumed perfect.
2.5.2 Performance Analysis of Relay Assisted D2D Commu-
nication
Apart from research works in resource allocation for relay assisted D2D communica-
tion, there has also been some work on the theoretical analysis and capacity limits of
relay assisted D2D communication.
Kiran Vanganuru et al. [22] considered a centralised relay selection approach for
D2D communication and showed that the system capacity and network coverage can
be enhanced using relay enabled user equipment. The analysis employed cooperative
relaying protocol and assumed the availability of perfect CSI.
When a single relay is considered in wireless communication, at least one hop is
envisaged. A high number of hops can guarantee connectivity for, say a cell edge UE
although a threshold is reached where the hop gain declines. An Outage probability
analysis and an ergodic capacity analysis were carried out in the work by Donghoon
Lee et al. [35] for a multi-hop DF capable relay assisted D2D communication setup.
The analysis assumes a single D2D pair and a single interfering cellular UE. While
such simplicity offers insight, it is not representative of the dense nature of future
wireless communication networks.
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Akram Al-Hourani et al. [37] proposed an energy efficient relaying region for
relay-assisted D2D communication using stochastic analysis. In the work, an ellip-
tical region is proposed for energy efficient relaying in D2D communication. The
authors also showed through simulations a distance threshold for beneficial relay as-
sisted communication. Single and multi-relay scenarios were considered although
relay selection was not considered and the relays modelled were not mobile relays.
In [69], closed form expressions for the ergodic rates and power allocation for a
two time slotted two way relay assisted D2D communication are presented. Underlay
D2D communication is considered with cross-tier interference. The ergodic rate was
studied for a range of SNRs, and the separation between the BS and D2D UEs. This
analysis assumed that the relay UEs are willing to surrender their resources to assist
neighbouring D2D pairs in need of relaying service.
Yang Yang et al. [70] carried out a numerical analysis to determine the transmis-
sion capacity when cellular communication underlaid and overlaid with D2D com-
munication is enhanced by the introduction of relays. Using Poisson point process
(PPP) to model the simulation scenario, the transmission capacity for relay aided
D2D communication was shown for a range of parameters like D2D user density and
separation between D2D pairs. Perfect CSI is assumed and so channel uncertainty
analysis is not considered in the work.
In [71], close form expressions for the transmission capacity of relay aided D2D
communication underlaid in cellular communication is presented. Defining the posi-
tion the relay UEs as a distribution, a distance based relay selection criteria is used
to study the performance of relay aided communication. The transmission capacity
of the set-up is is shown for a range of D2D user density and D2D pair distance.
Since underlay communication is considered, interference from and to cellular users
is considered although perfect CSI is assumed for both the relay path and the direct
D2D link. Furthermore relay incentivization is not part of the analysis.
Guopeng Zhang et al. [72] considered a full duplex relay set up in which a relay
UE can serve simultaneously as a relay for cellular communication and a D2D trans-
mitter.The authors considered downlink communication assuming self-interference
cancellation at the full duplex relay UEs. While the idea of serving as a relay for
both cellular and D2D users is attractive, the battery power of the relay UE and an
incentive mechanism to motivate relaying was not factored into the analysis. More-
over using the downlink channel for D2D communication creates severe interference
towards the cellular UEs
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Jose´ Mairton B. da Silva et al. [73] proposed a combined power control and mode
selection algorithm for undelay relay assisted D2D communication. Unlike the work
in this thesis, it assumed perfect channel knowledge at the UEs and did not consider
relay selection.
Rachad Atat et al. [74] considered a no-noise but interference limited network.
In the work, an underlay cooperative relaying strategy is studied in which the inter-
ference at the relay and the destination UE are assumed to be correlated due to the
proximity of the devices. D2D spectral efficiency is the performance metric used.
Andrea Abrardo et al. [75] considered a case of coverage extension in which D2D
communication is used to assist a cell edge user send and receive information from
a BS. AF) and DF relaying protocols are used at the relay UEs. Moreover physical
layer networking coding (PLNC) is employed at the relay UE to cater for situations
in which the relay has its own data to transmit apart from the data of the cell edge
user. Heuristic schemes for resource block allocation and mode selection are proposed
although relay selection is not considered in the work and perfect CSI are assumed
to be available at the relay UEs.
2.5.3 Relay Selection in Relay Aided D2D communication
In the previous subsections, research works focused on resource allocation and capac-
ity bounds of relay-assisted D2D communication have been reviewed. Those research
works either considered scenarios with a single infrastructure relay assisting D2D
communication or multiple relay UEs being part of a multi-hop chain. Having ap-
propriate relay selection algorithms to select relay UEs in the neighbourhood of D2D
pairs is also a key focus of some works in the literature. Furthermore, although fixed
relaying is attractive, the presence of idle UEs in a network makes a case for employ-
ing them as relays. In this subsection, highlights of some relay selection approaches
in the literature are discussed. It is followed by focused discussions of specific relay
selection areas.
In [36], a timer based relay UE selection algorithm that selects a relay based on
the level of experienced interference is put forward. The relay UE experiencing the
lowest interference is selected and allocated the least time to send to the destination
UE the signals it received from the D2D source. The approach is a distributed relay
selection technique. Having a single D2D pair in a network can offer insight into
the performance of proposed algorithms but with the envisioned dense deployment of
devices, more pairs can be engaged in D2D communication at a time.
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Chen Zhengwen et al. [38] stretched further the work in [36] to formulate a relay –
D2D destination link capacity maximization problem subject to cellular interference
constraints and QoS constraints. For this problem, a joint resource allocation and
relay selection approach was proposed. The authors assumed that the relay UEs
are able to intelligently sense the channels and also assumed that the relay UEs had
perfect knowledge of the associated channels.
Weinchen Xia et al. [76] put forward a relay selection technique for D2D commu-
nication that is location aware (i.e. either indoor or outdoor). Where D2D commu-
nication is carried out outdoors, the distance between the D2D devices is used as a
clustering criterion whereas when the D2D pairs are within buildings, the acquired
CSI is employed as a relay clustering criteria. The proposed algorithm clusters can-
didate relay UEs based on the stated criteria and selects relay UEs using a utility
function that is channel efficiency dependent. The work uses AF relaying protocol
and assumed perfect knowledge of the channel.
One of the hurdles of relay aided D2D communication has been a way to incentivise
the potential relay UE to surrender its resources in assisting a neighbouring device.
Most research efforts assume that the potential relay UE is always willing to surrender
its resources to assist a neighbour, but users are rational and so would prefer to
improve or optimize their own utility.
This issue is tacked in [77]. The work proposed a learning algorithm through
which potential RUEs can determine the relay approach that maximizes their defined
utility. The algorithm is relay UE centric and does not optimize the utility of the D2D
pair. The algorithm employs token passing between D2D devices and employs an AF
cooperative protocol at the relay UEs. The work assumes perfect channel knowledge
of the considered channels at the UEs.
Yicha Chen et al. [78] proposed an auction mechanism for relay selection. In
the algorithm, the D2D pairs in need of relay assistance place bids for relay UEs
and relays UEs are allocated through the auction process. The authors modelled the
relay selection problem as a bipartite graph and showed improved throughput through
computer simulations. The complexity of the proposed algorithm is not demonstrated
by the author.
Stable matching is a game theoretic approach with players and strategies. Its
preference feature allows players to optimize individual utility. This utility can be
related or different. There are some works in the literature that have exploited the
power of stable matching. Stable matching provides a framework that can be exploited
for resource allocation, relay assignment in D2D communication [79].
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Matching theory is used for allocating resources to D2D pairs in [80]. The D2D
pairs and the cellular devices whose resources the D2D pairs seek to reuse are modelled
as sets to be matched. The authors introduced a concept of cheating is introduced
in this work such that D2D devices can provide false preferences to improve their
utility. Minimum weight stable matching is used to obtain optimal matching. In [79],
the problem of relay allocation is formulated as a matching problem between D2D
pairs and candidate fixed relays. A bipartite graph is used and the aim is to minimize
the power consumption of D2D communication. Knowledge of the channels at the
relay and D2D devices are assumed to be perfect and the relays are fixed low power
infrastructure devices and not mobile UEs. Although like the work in this thesis,
matching theory has been considered in the literature, our work is unique in applying
matching theory to the relay selection problem with channel uncertainties factored
into the analysis.
Zufan Zhang et al.[81] proposed a hybrid criterion for relay selection which does
not only cater for the physical distance between the D2D pairs but for the social
distance between the pairs. In the physical domain; the SINR between the D2D
transmitters and potential relay UEs is used while in the social domain; a parameter to
represent the social ties (which is based on the encounter duration) between the relay
UEs and D2D transmitters are employed. Although the authors use social distance,
it is inherently assumed that social distance is sufficient incentive to motivate relay
communication. To study the performance of the proposed centralised relay selection
algorithm in an underlay D2D communication framework, the relay selection success
rate and link cost are shown for a range of reliability threshold values and D2D
decoding threshold values. Although like the work in chapter 6 of this thesis, the
work in [81] used social distance, our work deviates from theirs by first modelling the
problem as a bipartite problem with the weights of the graph being social distant
dependent.
Chen Zhengwen et al. [38] proposed a simple relay selection algorithm in underlay
D2D communication based on the channel gain of the D2D relay channel. Perfect
CSI is assumed and the users of relay devices are assumed to not need motivation to
forward the signals of neighbouring D2D pairs. DF relay protocol is employed in the
analysis.
Jen-Yi Pan et al. [82] formulated the problem of relay selection as an optimization
problem which was divided into power control, relay selection and resource allocation
sub-problems. The relays in the context of the analysis are not only D2D pair helpers
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but helpers of cell edge cellular users. The complexity of their proposed approach
may raise concerns.
In Hashem Kalbkhani et al. [83], femto relays are used to re-transmit signals for
D2D pairs. At the femto relay nodes, random linear network coding is implemented
and the problem of power allocation for D2D communication and relay selection are
formulated as optimization problems for which analytical solutions are proposed. The
outage probability and transmission rate performance of the proposed algorithms are
analysed for a range of D2D pair distances. Unlike the work we proposed in this thesis,
mobile relay UEs are not used and the channel information is considered perfect.
Nikolaos Nomikos et al. [84] considered a Non-Orthogonal Multiple Access (NOMA)
network in which they show a procedure for determining the optimal power coefficients
for efficient relay aided D2D communication. Using time slotted communication in
which a selected DF relay receives a signal from a source in the first time slot and
transmits towards two intended destinations, the relay uses NOMA for transmission
towards the destination. To provide the power difference that NOMA requires, a
method is proposed to determine the power coefficient. To select the relay from a
pool of candidate relay UEs, a delay aware algorithm that considers or factors in
the number of packets at the buffer of the candidate relays is proposed. Outage
probability, average delay and throughput are used as analysis parameters and full
duplex communication is also assumed. Relay incentives are not considered and chan-
nel uncertainty are not also factored into the analysis. The approach of the authors
ignores the rational nature of holders of UEs and the dynamic nature of wireless
communication network that can cause channel estimation errors.
Green energy has been an area of research interest for future wireless communi-
cation considering that reduction in energy consumption is one of the targets of the
much talked about 5th generation of wireless communication networks. Tao Han et
al. [85] proposed green relays for assisting D2D communication that are renewable
energy powered and not having a backhaul. The relay assignment is formulated as a
mixed integer problem to maximize the minimum D2D data rate for which a heuristic
centralised selection algorithm is proposed. The algorithm iteratively assigns a relay
to a D2D pair having the least data rate. The work considered infrastructure relay
UEs and so deviates from the work in this thesis.
Junquan Deng et al.[68] formulated a joint relay selection and resource allocation
problem for underlay D2D communication as backhaul and D2D data rate maximiza-
tion problem. The authors proposed an algorithm to allocate resources between D2D
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links and backhaul links. Furthermore, a joint relay selection and resource alloca-
tion algorithm based on the calculated path loss of a link is proposed. The authors
consider a coverage extension scenario with the aid of mobile relays.
Having gone through some background literature on D2D relaying, focused dis-
cussion on specific relay aided D2D communication approaches are now considered.
2.5.4 Relay Selection with Incentives
Relay-assisted communication using mobile relay UEs requires that resources such
as stored battery energy and available memory of the relay devices are shared with
the devices requesting relay services. The self-focused nature of holders of mobile de-
vices implies that some motivation needs to be designed to encourage holders of idle
devices to allow their resources to be employed in data forwarding or multicasting.
Incentive-based relay assisted D2D communication can be approached from an incen-
tive aware D2D communication standpoint whereby an incentive parameter or utility
function is weaved into the relay selection criteria without necessarily providing a
payment mechanism. Furthermore, a market-based approach where the D2D UEs or
the network pays for the relay service can also be used. In designing payments for
relay service, the D2D pair can be charged or the destination charged for the relayed
packets.
Tingwei Liu et al. [86] proposed a credit based incentive mechanism for multi-hop
D2D communication in which relays and destination UE submit receipts that reflect
the number and size of forwarded packets. The proposed approach although might
discourage cheating, tends to have a complexity that increases with the number of
hops.
Nicholas Mastronarde et al. [87] proposed a supervised learning algorithm for
relay-assisted D2D communication in which mobile devices use token traded elec-
tronically to reward counterparts for reciprocal data forwarding. Using the Markov
decision process for mode selection, a token based relaying scheme was proposed in
which devices can only take part in a relay scheme if they possess tokens. Further-
more the choice of a relaying strategy based on a learning algorithm. The proposed
approach may not be encouraging for emergency services since a UE not having a
token and out of coverage of the BS may be excluded from being helped by a relay.
Such a learning-based approach might not be applicable for distributed scenarios.
Mohamed M.E.A. Mahmoud et al. [88] proposed a charging policy in which the
source and destination pairs requiring relay services are charged by the network to
34
enforce fairness in multi-hop cellular communication. To ensure the security of the
incentive process a hashing method is used at the packet level.
In [89], incentive-based relay selection using reverse auction is proposed for relay
aided communication between a cellular user and the BS. The authors proposed
monetary rewards from the BS to the mobile devices that act as relays to extend
the coverage of the BS. The authors designed a relay utility function based on the
achievable data rate of a relay to destination link and the BS utility as a function
of the achievable relay-destination data rate and the power cost of transmission.
The performance of the proposed reverse auction based incentivised relay selection
algorithm is studied using the average utility of relay and BS for a range of SINR
values and number of cellular users. The work used an isolated cell case scenario
and also an underlaid D2D communication was considered. The relay node selection
is assumed to be performed by the network. The authors assumed perfect channel
knowledge at the relay UEs
Social distance between users of mobile devices can be a motivation to participate
in relayed communication. In the literature, social aware relay assisted D2D commu-
nication are basically approached from two standpoints: social trust in which there is
exists some relationship between the mobile devices requesting relaying services and
the potential relays and the social reciprocity approach in which there is no social
relationship between them and a reciprocal mechanism is used. Exploiting the trust
between socially close holders of UEs and the tendency to return a retransmission
action, Xu Cheng et al. [90] proposed a centralised/network assisted relay selection
algorithm for underlay cooperative D2D communication. Similar to the work by Zu-
fan Zhang [81], social trust and social reciprocity are formulated as graphs, and social
reciprocity is presented as an alternative to relay assistance cases without strong so-
cial ties between the cooperating entities. The system throughput, social links and
relay selection cycles are used as analysis parameters. The relay protocol used is
DF relaying in a full duplex scenario although the proposed algorithm is not channel
uncertainty aware.
Mengyuan Zhang et al. [91] used both the physical separation between mobile
devices and social ties between the users of the mobile devices to formulate a relay
selection problem based on the finite-horizon optimal stopping theory. The proposed
approach although offers performance gains over random selection does not clearly
define a reward mechanism for the relaying users. Xin Pan et al.[92] compared a
hybrid social and physical distance based relay selection algorithm with non-hybrid
options. A probing approach similar to [91] was used.
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M. N. Islam et al. [93] put forward a method for resource allocation based on band-
width exchange enabled incentivised forwarding. The resource allocation problem is
solved side by side a relay selection problem. The resource allocation is formulated
as a utility (a data rate dependent parameter) maximization problem subject to rate
and allocated bandwidth constraints. The relay selection problem is reduced to a
maximum weighted matching problem. Bandwidth exchange although promising can
be a restrictive payment mechanism.
Peng Li et al. [94] proposed a market model based incentive mechanisms to mo-
tivate participation in D2D communication. The approach is specifically Stackelberg
game based and auction-based incentive mechanisms were proposed with focus on
maximum profit and truthfulness although relay selection was not considered.
2.5.5 Multi-hop Relay Aided D2D Communication
Using field tests, Hiroki Nishiyama et al. [95] demonstrated a distributed UE relaying
for public safety communication. The authors considered an emergency scenario
where the infrastructure fails. Using a combination of MANET and DTN protocols,
a demonstration of multi-hop relay through several UEs on a site and through an
unmanned aircraft system to a remote site was demonstrated.
Donghoon Lee et al.[35] presented a multi-hop relay scenario in which more than
one relay UE aids in the re-transmission of signals between a D2D pair. The authors
derive the CDF and PDF of SINR of the relay hops which are employed in outage
probability and ergodic capacity analysis for the considered cooperative D2D underlay
communication and further proposed a power optimization technique for multi-hop
D2D communication.
2.5.6 Relay Assisted D2D Communication and Security
Ensuring that the data for relaying is safe from malicious eavesdroppers that may
pose as genuine potential relays, and maintaining the integrity of relayed information
is an active discussion in D2D communication research. Maintaining the privacy of
D2D UEs is also necessary to avoid identity theft. Two broad areas where security is
a concern in D2D communication are in device pairing and in the user data integrity
[96].
There has been some foray into the data integrity area of D2D communication
security and proposed methods have either fallen into encrypting the transmitted
data or employing the channel conditions to implement physical layer security.
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Keeth Jayasinghe et al. [39] considered an underlay D2D communication scenario
where there existed eavesdropper UEs that could compromise secure communication.
The effect of channel estimation errors are considered in the work and the resulting
uncertainty is modelled using Gaussian Markov uncertainty model. Fixed relays are
considered with AF protocol employed at the relay node. Beamforming is proposed
by the authors as a secure approach to steer away needed relayed information from
eavesdroppers.
In Emad Abd-Elrahman et al. [97], a key management mechanism for D2D group
communication to address the discovery phase of D2D communication and actual
data communication is proposed. The mechanism uses identity-based encryption.
The proposed method was compared to other similar algorithms in complexity and
overhead although relay selection was not the focus of the work.
In Emmanouil Panaousis et al. [98], proposed a secure route selection algorithm
where the best relay route is selected based on its probability to detect an intrusion
by a malicious user. In selecting a more secure route for message delivery, the authors
also considered the energy expenditure of the relays and the QoS(specifically the end-
to-end delay) of the routes in consideration although the complexity of the proposed
algorithm was not discussed.
Hang Zhang et al. [99] formulated the problem of improving the system secrecy
capacity of D2D underlaid communication as a bipartite graph matching problem for
which the Khun Munkres algorithm was proposed. They showed through simulation
that interference from D2D communication can be exploited to improve the system
secrecy capacity of the network.
Wei Xi et al. [100] proposed a secret key generation technique dubbed “KEEP”
derived from the variations in the CSI of sub-carriers. The proposed KEEP algo-
rithm used a validation - recombination algorithm to overcome the challenge of the
correlation between the CSI measurements of sub-carriers.
Although secure D2D communication through mobile relays is necessary, account-
ing for the finite nature of relay UE resources is also key. Hence the proposal of
cross-layer approaches.
2.5.7 Cross Layer Relay-Assisted D2D Communication
Ruofei Ma et al. [101] proposed a cross-layer relay selection approach for underlay
D2D communication. Using a physical layer parameter which is defined as a func-
tion of spectral efficiency with the remaining battery time of a potential relay and
the queueing delay at the MAC sub-layer, a cross-layer parameter was defined as a
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criterion for mobile relay selection. The proposed cross-layer approach was compared
with non-cross layer approaches for end-to-end delays and success probability perfor-
mances. Relaying willingness is assumed and the channels are considered devoid of
channel estimation errors.
In [102], the authors consider using CSI and queue state information of potential
relay UEs as criteria for relay selection. The hybrid approach is compared with a
relay selection based on maximum CSI or QSI.
Abdulrahman Alabbasi et al. [103] proposed an energy efficiency metric (modi-
fied energy per good-bit) for D2D–cellular spectrum sharing scenario. The authors
formulate a power minimization problem which they demonstrate as pseudo complex.
The formulated problem is solved through variable decomposition and transforma-
tion. Transmit power is the physical layer parameter while the frame length is a
parameter for the data link layer.
Wei Wang et al. [104] employ physical layer throughput and MAC layer queue
length information in formulating resource control for underlay D2D communication.
The authors consider dynamic resource control that is portrayed as a Markov decision
process for which water filling power control algorithms are proposed. The algorithm
builds on an interfering filtering MAC sub-layer protocol. The discussed algorithm in
the literature under this section are generally channel uncertainty.
2.5.8 Relay Assisted D2D Communication Scenarios
The gains which D2D communication offers have been demonstrated through perfor-
mance analysis and the scenarios which these gains can be obtained. The research
works in the literature that have been reviewed so far fall into broad application
use cases. Such use cases are cell range extension, public safety communication and
group communication. D2D communication can be deployed when mobile devices
are in such proximity that allows for direct communication or when the traditional
infrastructure fails. Infrastructure failure can occur due to natural disasters. More-
over in scenarios where popular content files are cached in UEs in a cluster and are
distributed to other members of the cluster.
Popular video content distribution using relay assisted D2D group communication
is studied by Hao Xu et. al. [105] using an interference limited setup. For the work,
relay selection is based on the distance between D2D pairs. The authors did not
consider a robust formulation and did not factor in the effect of the mobility of the
clusters into their analysis. Moreover, unlike our work, the authors did not formulate a
probabilistically and deterministically constrained multicast communication problem.
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A key use case for D2D communication is public safety communication. Although
Terrestrial Trunked Radio (TETRA) is an already existing public safety communi-
cation system, its limited speed means there is a need for better options to meet
emerging public safety situations.
D2D communication for public safety application is the focus of the work by G.
Fodor et al. [106]. In the work, the authors put forward an architecture for deploying
a D2D communication based public safety response network. Using clustered com-
munication, the proposed architecture elects a cluster head to service out of coverage
UEs. The position of cluster head changes if the previously elected cluster head is
out of coverage. Although a viable architecture, the approach is largely centralised
and increased signal overhead may result due to the need for synchronisation.
In [95], an actual deployment of multi-hop relaying by smartphones for disaster
response is reported. In the work, the authors proposed the use of the distribution of
mobile devices in the disaster area as a criterion to switch between the mobile ad-hoc
network (MANET) and disruption-tolerant network (DTN) routing protocols. In the
work, a mobile messaging app was also used to relay messages between mobile phones
and UAV relaying was used to access a distant disaster area.
The broadcast nature of the wireless channel offers an opportunity which coopera-
tive relaying exploits although it presents a security risk of eavesdroppers listening in
or intercepting to modify a transmitted message. Such potential risks have motivated
encryption algorithms at the upper layers.
In [39], robust beamforming is proposed as a technique to counter attempts by
eavesdroppers to intercept information between a D2D pair. In the work, physical
layer network coding is employed at the relay UE and channel estimation error is
assumed to exist between the eavesdropper and the D2D pair whereas there is per-
fect knowledge of the D2D channel. The authors did not consider probabilistically
constrained problems.
In this subsection, the use cases of relay-assisted D2D communication have been
reviewed to include group communication, public safety and coverage extension.
The work in this thesis considers scenarios where the direct path between source
and destination devices is not available and so mobile relaying is required. This
scenario is modelled in chapters three and four. Also considered in this work is the
multimedia content distribution case that is modelled as D2D multicast distribution
in chapter five. In modelling these scenarios, the work in this thesis considers channel
uncertainties.
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2.5.9 Relay Assisted D2D Communication with Channel Un-
certainty
As the work in this thesis includes the effect of channel uncertainty that can arise
from channel estimation errors, a review of related literature in this area of D2D
communication research is needful. To limit repeated mention of some literature,
only key literature in this aspect of D2D communication research are reviewed.
Channel uncertainty arises in wireless communication when information about
a channel measurement is imperfect. Such imperfections can come from errors in
channel estimation or outdated channel information among others. Considering un-
certainty in wireless channel whether such uncertainty is viewed from the channel
or hardware impairment can provide a more realistic insight into the performance of
proposed algorithms resulting from uncertainty aware robust problem formulations.
A few works in the literature have considered D2D communication relaying with
channel uncertainty.
Yi Qin et al. [107] considered a coverage extension scenario in which the channels
between mobile relays and neighbouring D2D receiver are uncertain due to channel
estimation error. The authors formulate a total transmit power minimization problem
for a system model with MIMO enabled BS subject to interference and QoS constraint.
In modelling channel uncertainty, the authors use the additive approach that allows
the estimation error to be added to the channel estimate. To solve the formulated
robust minimization problem, the authors propose a joint beamforming design for
the BS and D2D relays although relay selection is not considered. Moreover, unlike
the work in this thesis, stable matching is not employed and so relay preferences are
ignored.
Mengqi Li et al. [108] studied the joint resource allocation and power minimization
problem in underlay D2D communication network. The joint problem is formulated as
a rate maximisation problem subject to transmit power and cellular QoS constraints.
To cater for channel uncertainty, the author introduces bounded error values into the
channel between D2D and cellular channel. To represent the uncertainty set in a
way that allows easier handling of the optimization problem, an ellipsoid is used to
convey the uncertainty set. The formulated problem is solved analytically using the
Lagrange dual composition method and compared to other algorithms for sum rate
performance. The authors do not consider relays selection either.
In [109], relay assisted D2D communication in which the relay UE is a full duplex
infrastructure relay is considered. The relay is modelled to undertake scheduling
and allocation of resource for D2D communication. Assuming imperfect CSI in the
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backhaul channel between the relay and BS, the channel uncertainty is modelled as a
finite set added to the channel estimate. The optimization problem was formulated
as a sum rate maximization problem for which a student project matching algorithm
was proposed. Unlike the work in this, the authors did not consider relay selection
as part of the problem formulation. Furthermore, transmission rates were used in
defining the preference lists for the matching game unlike the work in this thesis that
used relay utility functions.
Towing a different path, Daquan Feng et al. [110] considered a resource allocation
problem for underlay D2D communication. The problem is formulated as a sum rate
maximization problem with QoS, power and assignment constraints. Probabilistic and
partial feedback resource allocation strategies to combat the presence of inaccuracies
in obtained CSI at the BS. These algorithms are shown for their performance for a
range of outage thresholds values and channel models.
In [111], centralised and distributed power control strategies for underlay D2D
communication with channel estimation errors are proposed. The problem of power
control is formulated as an SINR maximization problem subject to power and QoS
constraints. The authors show that channel uncertainty degrades system perfor-
mance. The authors did not consider a relay centric approach as the work in our
thesis.
Yin Qin et al. [107] proposed a joint BS and relay beamforming for relay-assisted
D2D communication. The beamforming problem was formulated as a sum minimiza-
tion problem subject to probabilistic and SINR constraint. Using the S-lemma sim-
plification and semi-definite relaxation the authors formulated a robust optimization.
The performance analysis in the paper provided some insights in D2D communica-
tion with channel uncertainty although unlike our work the authors did not focus
on multicast communication. Furthermore, the authors assumed single antenna relay
UEs; although with future communication systems, multi-antenna drones systems are
possible.
Shimin Gong et al. [112] considered relay beamforming in D2D communication
and energy harvesting through multiple relay UEs. The authors employed monotonic
optimization and semidefinite relaxation to convert the formulated problem into a
solvable format. The formulated problem is a maximization problem which is a trend
in most literature, unlike our formulated work which considers a power minimization
approach specifically in chapter 5 of this thesis.
Muhammad R.A.Khandaker et al. [113] considered a MISO downlink system
model for simultaneous wireless information and power transfer (SWIPT). The au-
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thors formulated the optimization problem as a max-min problem subject to SINR
and energy harvesting constraints. To make the robust version of the problem
tractable and easily solvable, the authors applied the S–lemma and semi-definite
relaxation. The work in this thesis does not consider SWIPT.
A core algorithm that is employed to solve the formulated problems in the work
in this thesis is stable matching. Stable matching is an algorithm developed by D.
Gale and L. S. Shapely [114] to solve the problem of assigning elements of a set to
elements of another set in a manner that achieves stability. Stable matching originally
developed to solve the stable marriage problem, has been expanded to solve other
matching problems. In D2D communication, stable matching has been used in the
literature to solve the problem of allocating resources to D2D communication and
for D2D pair allocation. For the work in this thesis, one-to-one stable matching is
used and unlike the reviewed work, the work in this thesis considers the use of stable
matching to solve relay selection for D2D communication when the channel of interest
and the interfering channel are uncertain. The existence of channel uncertainties
makes the analysis non-trivial. Hence unlike the stable matching approaches for relay
selection put forward in the literature, our offering is channel uncertainty aware.
Considering the foregoing, there is a paucity of research works in the area of
relay-assisted D2D communication when imperfect channel conditions are experienced
hence the need for uncertainty aware algorithms. Furthermore, where there are re-
search works on cross-layer relay selection mechanisms, channel uncertainty analysis
are not involved. In the literature, research endeavours in D2D multicast commu-
nication are few and to the best of our knowledge, work on robust D2D multicast
communication for single and multi-antenna relay scenarios hence our foray into the
area. Moreover, channel uncertainty aware cross-layer relay selection algorithms have
not been considered in the literature. It can also be inferred that channel uncertainty
aware algorithms that are relay centric have not been studied.
Thus the work in this thesis focuses on relay assisted D2D communication with
channel uncertainty. We focus on column wise and ellipsoid channel uncertainty set
in chapters 3 and 4 using stable matching as our technique in relay selection, a com-
bination which is unique to our work. Furthermore, we formulate D2D multicast
communication with channel uncertainty as an optimization problem which to the
best of our knowledge has not been addressed. This multicast communication prob-
lem is the focus of chapter 5 for which we employ probabilistic and deterministic
uncertainty models. This thesis also looked at joint power control and relay selection
in D2D communication with channel uncertainty proposing social distance based and
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relay defined utility based relay selection algorithms. These proposed utility based
techniques give the relay UE control in choosing which D2D pairs to assist.
In chapter three of this thesis, a stable matching based algorithm is put forward
as a selection technique for device-to-device communication. Using the preference
feature of stable matching, the relay user equipment rank the source to destination
pairs according to a relay defined parameter and so do the source-destination pairs.
This algorithm is coupled with a data rate based mode selection algorithm. The
performance of the proposed algorithm showed promise nearing that of a greedy
selection algorithm used as a benchmark. Moreover being channel uncertainty aware,
the stable matching algorithm provided a more realistic insight. Additionally, the
proposed algorithm showed far better spectral efficiency performance in comparison
to a random selection algorithm and for low transmit power regimes (0-12 dBm)
bested the greedy selection algorithm.
Relay user equipment are buffer enabled devices and in creating selection algo-
rithms, a cross-layer approach that caters for the buffer of the relay user equipment is
necessary. Hence in chapter four of this thesis, a cross-layer relay selection algorithm
was put forward. Using a defined utility function that caters for both the data rate
at the physical layer and the buffer state at the medium access control sub-layer, a
utility maximization problem was formulated. The simulation results showed that
the proposed algorithm offered spectral efficiency and energy efficiency gains over
the best source-relay and best relay-destination selection algorithms. The proposed
algorithm also showed higher fairness than the other compared algorithms using a
modified fairness index. Again the proposed algorithm is channel uncertainty aware.
Clustering similarly interested user equipment into groups can help oﬄoad mul-
timedia data from the network buy enabling relay assisted device-to-device commu-
nication. This is the focus of chapter five where the problem of clustering in device-
to-device communication is formulated first as a rate maximization problem subject
to deterministic and probabilistic constraints. Using the classic k-means algorithm,
a group transmitter selection technique was proposed and the formulated problem
solved after various simplifications. Through simulations, it was demonstrated that
the proposed clustering approach resulted in improved data rate. It was seen that an
increase in the number of clusters from 2 to 3 afforded a near 29 % increase in trans-
mission data rate. It was also shown that increasing cluster dimension arbitrarily
has adverse effects on the data rate performance of device-to-device multicast com-
munication. The problem was further stretched to cover a multiple-input single-out
scenario and robust beamforming was designed. For the multi-input single output
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case, it was shown through computer simulations that a probabilistic constrained
problem approximates its deterministic counterpart when simplified using the cumu-
lative distribution function.
In furtherance to the relay user equipment centric approach that the work in this
thesis adopts, a joint power control and relay selection algorithms are put forward in
the sixth chapter. The algorithms are social distance based relay selection algorithm
and a relay utility selection algorithm. The power control problem was formulated
as a linear programming problem whereas the selection problem was modelled as a
bipartite graph. It was shown through simulations that the uncertainty aware social
distance algorithm offered reduced total transmit power for small values of estimation
errors while the relay utility based algorithm motivated more relay participation in
comparison with an algorithm in the literature. The social distance-based algorithm
afforded 10% total transmit power saving.
2.6 Conclusion
In this chapter, a review of related literature has been done and the areas the work
in this thesis endeavours to address have been pointed out. In reviewing related
literature, the modes, research approaches, architecture and use cases or application
scenarios of D2D communication have been discussed. Furthermore, relay assisted
D2D communication approaches in the literature have also been reviewed and their
limitations pointed out. Our proposed algorithms for relay user equipment selection
and their performances are laid out in chapters 3 to 6.
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Chapter 3
Relay Assisted D2D
Communication: A Stable
Matching Approach
3.1 Introduction
D2D communication can be improved by exploiting the presence of idle UEs in the
neighbourhood of the D2D pairs. Taking advantage of the presence of idle UEs
holds the promise of ensuring the gains of D2D communication is achieved. D2D
communication has been considered for future wireless communication system for
application in an emergency or the so-called public safety communication. Emergency
communication requires link reliability and in a case where direct communication is
not beneficial, relayed communication can be used to ensure that the emergency
services are available for UEs cut off from network coverage by a disaster. Therefore
emergency service is a use case for the work in this chapter.
In this chapter, a relay selection strategy to choose a suitable mobile device to
assist D2D communication is proposed. The term mobile relays and relay UEs or
RUEs are used interchangeably in this chapter as in other parts of this thesis. The
key assumptions in this chapter are:
• For a D2D pair, the D2D transmitter has information to send to the D2D
receiver.
• The D2D pairs have discovered one another already. that is the discovery pro-
cess has been undertaken.
Different from works reviewed in the literature, we employed one-to-one matching
and considered the possibility of channel uncertainty due to estimation errors in both
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the target links and the interference link. The problem of relay selection is formulated
as a data rate maximization problem. To ensure a tractable solution, the problem
is modelled as a matching game between a relay UE set and a D2D pair set. The
preference feature of stable matching allows the members of both sets to define their
preferred member of the opposite set. The selection algorithm is combined with a rate
based mode selection algorithm. With mode selection, D2D pairs can either engage
in relay-assisted communication or unassisted D2D communication. The proposed
algorithm although not optimal being that its performance falls below that of a greedy
selection algorithm in high transmit power regimes, it provides spectral efficiency
gains in the low transmit power ranges. The results from the proposed algorithm are
compared with a greedy selection algorithm and a random selection algorithm. Hence
in this chapter, our contribution includes proposing a combined mode selection and
relay selection algorithm that is channel uncertainty aware. Furthermore, through
the use of stable matching, RUEs can define their preferences making the proposed
approach RUE centric too. This makes our work different form the work in the
literature.
3.2 System Model
A circular cell is considered having a BS at the centre and uniformly distributed
UEs in its coverage area. The cell is isolated and so the interference of concern is
intra-cell interference and not inter-cell interference. Let the sets of cellular users be
given by C = {c1, c2, ..., cn}; the set of D2D pairs be given by D = { d1, d2, ..dd} and
the set of potential relay UEs be given by R = {r1, r2, .., rr}. Within a D2D pair is
a D2D transmitter (DUE1) and a D2D receiver (DUE2) as shown in Fig. 3.1. The
UEs participating in D2D communication are considered to have data to send to one
another. For each source UE to send data to its destination, we hold that the direct
path between the source and the destination is not available. Such a case can arise
when the fading between D2D pairs degrades the direct link.
The channel fading used for the work in this chapter is the Rayleigh fading mod-
elled between the UEs. The channel is modelled as a distance dependent path loss
model such that for a distance dab between nodes a and b, the channel coefficient is
given by gab = habd
−α
2
ab where hab represents the fading between device a and b and α
is the path loss exponent.
For the work in this chapter, relayed communication is performed in two phases:
in the first phase, DUE1 sends its information to an appropriately selected relay UE
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Figure 3.1: A D2D relay set up
(RUE). At the appropriately selected RUE, the signal is decoded, re-encoded and
forwarded to DUE2 in the second phase.
Hence for DUE1 having signal s to send to the DUE2 in the first time slot, the
signal received by an appropriately selected RUE from DUE1 is given by:
yr =
√
Pssgsr + ir + nr, (3.1)
where Ps is the transmit power of DUE1, gsr is the channel coefficient of the link
between the DUE1 and the selected RUE r. ir is the sum interference that the RUE
experiences from nearby transmissions while nr is the additive white Gaussian noise
(AWGN) at the selected RUE and has a distribution of CN(0, σr) whereas gsr is
modelled as random variable distributed as CN(0, | gsr |2). s is the signal received at
the RUE from DUE1.
Similarly, in the second phase, the RUE broadcasts the signal yr that it received
from the DUE1 in the first phase. Thus the signal received at the DUE2 is given by
yd.
yd =
√
Pryrgrd + id + nd (3.2)
In equations (3.2), the terms id is the interference that the DUE2 experiences
whereas nd is the AWGN at the DUE2 and nd is distributed as CN(0, σd). The
achievable end-to-end data rate can be expressed as:,
Rr = B
1
2
log2min((1 +
Ps | gsr |2
| ir |2 +σr ), (1 +
Pr | grd |2
| id |2 +σd )), (3.3)
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where in equation (3.3), the 0.5 is indicative that relay assisted communication takes
twice the time slot of direct communication. B is the channel bandwidth. Since
underlay D2D communication is the consideration for this work, cellular communica-
tion is considered to also occur and so experience interference while also contributing
interference to D2D communication. The SINR for a nth cellular user transmitting
in the uplink towards the BS can be expressed as:
SINRk =
Pc | gcb |2
| ic |2 +σc , (3.4)
where Pc is the transmit power of a given cellular UE c to the BS, gcb is the channel
coefficient of the channel between cellular user c and the BS. ic is the interference
experienced by the BS. Furthermore, σc is the AWGN at the BS. Similarly if D2D
communication does not involve a relay, the data rate can be rendered as :
Rd = log2(1 +
Ps | gsd |2
| id |2 +σd ), (3.5)
where Ps is the transmit power of the source UE.
Although the system model does not differ from the approaches in the literature,
our propoposed channel uncertainty aware approach to realy selection is unique to
this work.
3.3 Problem Formulation
The problem that this chapter sets forth to solve is the problem of appropriately
selecting a relay UE to enforce D2D communication. The selected RUE is part of a
pool of mobile relays that are in the vicinity of the D2D pairs.
The problem is formulated as an optimization problem that maximizes a stated
objective function. The objective function used is the data rate of relay aided com-
munication.
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Thus the optimization is formulated as in equation (3.6).
max
xmr
∑
d∈D
∑
r∈R
xmr(Rr) (3.6a)
subject to:
C1 :
∑
d∈D
xmr ≤ 1∀dm ∈ D (3.6b)
C2 :
∑
r∈R
xmr ≤ 1∀rr ∈ R (3.6c)
C3 : Rd ≥ Rdth ,∀dm ∈ D (3.6d)
C4 : xmr = {0, 1}, ∀dm ∈ D, ∀rr ∈ R (3.6e)
The optimization problem has constraints C1, C2, C3 and C4. The constraints C1
places a limit on the number of relay devices that can assist a D2D pair to forward
messages. It ensures that only one relay can act as a helper device for a D2D pair
that have signals to transmit and require relay assistance. C1 indicates that multi-
hopping is not permitted. In a similar manner, constraint C2 limits the number of D2D
pairs that can be assisted by a single relay to 1. Constraint C3 ensures that relayed
communication at least meets the rate requirement of direct D2D communication.
Hence a rate threshold Rdth is defined that needs be met. The idea is to ensure that
relay assisted communication at least measures up to direct communication. xmr is a
decision/indicator variable that has a value of 1 or 0. The expression for Rr is given
in equation (3.3).
To capture the concept of uncertainty, the optimization problem is reformulated
to cater to channel uncertainty that arises from channel estimation errors. Channel
estimation errors are modelled to exist in the acquired CSI available to the D2D
pairs and relay UEs. To capture channel uncertainty, the channel estimation errors
were introduced into the channel gain estimates. Following the channel uncertainty
approaches in the literature that assume that the interfering channel is imperfect, the
SINR equations are reformulated.
Let the SINR expressions in equations (3.2) - (3.4) be reformulated such that for a
D2D pair made of UEs j and k, that suffer interference from a device or an aggregate
of devices denoted as i, the SINR can be expressed as:
SINRjk =
Pj
Pi
|gik|2
|gjk|2 +
σk
|gjk|2
(3.7)
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Let gk =
|gik|2
|gjk|2 and Nk =
σk
|gjk|2 . Equation 3.7 can then be expressed as:
SINRjk =
Pk
Pigk +Nk
(3.8)
Channel uncertainty models can be probabilistic or deterministic. Deterministic un-
certainty models can also be column wise or ellipsoidal. For the work in this chapter,
the column-wise uncertainty set (Rc) is used. Considering the column-wise uncer-
tainty set, the channel uncertainty term can be introduced into the ratio of the esti-
mates of gk such that:
gk = ĝk + εk : |εk|≤ δk∀d ∈ D (3.9)
In equations (3.9), εk is the channel estimation error introduced through imperfect
channel estimation and δk > 0. Applying equations (3.9) to the SINR expressions in
equations (3.3) and (3.6), we formulate the robust optimization problem as:
max
xmr
∑
d∈D
∑
r∈R
xmk(Rr) (3.10a)
subject to:
C1 :
∑
d∈D
xmr ≤ 1∀dm ∈ D (3.10b)
C2 :
∑
r∈R
xmr ≤ 1∀rr ∈ R (3.10c)
C3 : Rd ≥ Rdth , gsr ∈ Rc, grd ∈ Rc, gi ∈ Rc, ∀dm ∈ D, ∀rr ∈ R (3.10d)
C4 : xmr = {0, 1},∀dm ∈ D, ∀rr ∈ R (3.10e)
In equation (3.10), constraint C3 indicates that the channel gains gsr, grd and gi lie
within a bounded set , Rc.
3.4 Proposed Algorithm
The nature of the problem in equation (3.10) makes solving it difficult due to the
non-convex nature of the problem. Since equation (3.3) is part of the objective func-
tion, solving the problem with a convex solver is not workable except relaxations are
introduced. Therefore stable matching is proposed as an alternative approach to solv-
ing the relay selection problem. Stable matching affords the modelling of a selection
problem as a match between members of one set to members of another set.
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Intrinsically, stable matching or the so-called deferred acceptance algorithm allows
members of disparate sets to be matched to one another in such a manner that
stability is achieved. In stable matching, the matching is based on a list of preferences
in which members of the opposite set are ranked according to their desirability.
The constraints C1 and C2 in equation (3.10) are met by one-to-one matching
because, in one-to-one matching, a member of one set can only be matched to one
member of the opposite set. Hence a stable matching based relay selection meets the
first two constraints C1 and C2 but that will be so if one set is a set of potential
relay UEs and the opposite set is a set of D2D pairs. This agrees with our earlier
assumption that user pairing is implied. Mathematically, matching (Ψ) is a function
from the set D ∪R into the set of D ∪R such that [114]:
1. For each D2D pair, | Ψ(d) |= 1
2. Ψ(d) ∈ R ∪ .
3. For each relay UE, | Ψ(r) |= 1
4. Ψ(r) ∈ D ∪ .
5. d ∈ Ψ(r) if and only if Ψ(r) = d
These intrinsic properties of one-to-one matching allows the constraints C1 and C2 to
be met.
The relay selection problem is therefore a matching problem defined by a tuple
(R,D,R,D), where R are the preferences of elements of the relay set and D are
the preferences of the elements of the D2D pairs set.
To partly meet the QoS constraint C3, a mode selection algorithm is used to select
between D2D and relayed communication by comparing Rr and Rd.
For the work in this chapter, the preference list of D2D pairs is populated using
the source-relay data rate. In designing the preference list of the D2D pairs, using the
data rate of the source-relay UE link is not out of place since the D2D transmitter
can estimate the link quality although imperfectly. Although the source-relay UE link
may be a bottle neck for DF cooperative communication, the work in this chapter
does not consider cooperative communication.
Moreover, for the objective function, the basis for populating the preference list of
the potential relay UEs satisfies the objective function of equation (3.10) being that
the criterion for preference listing is the term, Rr. This implies that each potential
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RUE ranks the D2D pairs according to the data rate of relay aided D2D communi-
cation. In so doing our proposed algorithm is also RUE centric. It is unique to the
work in this thesis that a channel uncertainty aware relay selection algorithm that
is also RUE centric is proposed. Unlike other stable matching approaches that use
the same criterion for popualting both preference lists, the critera for populating the
preference lists for the work in this thesis are different and not completely dependent.
As an example, if for 3 D2D pairs; d1, d2 and d3 the source-RUE data rates
are given by 0.1, 034, and 0.54 bps/Hz respectively. If there are 5 potential RUEs,
r1, r2, r3, r4 and r5, it implies that at the end of a matching process, three RUEs will
be selected and two will not be selected. Let the data rate of D2D communication
when a relay is used to aid the communication of each of the D2D pairs be given by
the entries in Table 3.1.
Table 3.1: Rate (Rr) Table for Relay UEs
Rr1 Rr2 Rr3 Rr4 Rr5
d1 0.23 1.43 0.89 1.24 1.85
d2 1.43 0.56 0.91 0.62 0.12
d3 1.64 0.85 1.26 0.76 0.43
From Table 3.1, the relay r1 will rank the D2D pairs thus d3 > d2 > d1. Similarly
the D2D pair, d1 will rank the relay UEs thus r5 > r2 > r4 > r3 > r1. Other
relay UEs and D2D pairs also rank members of the opposite set accordingly. These
preferences are used to match D2D pairs to RUEs. The matching algorithm achieves
stability when each member has either been matched to a member of the opposite
set or it is not. In our case, when there are more RUEs than D2D pairs, some RUEs
will be unassigned after the algorithm converges and vice versa. This implies that
the sizes of the D2D pair set and the RUE set do not need to be the same. The
algorithm terminates when either all the D2D pairs have been assigned RUEs or all
the potential RUEs are assigned to D2D pairs.
This approach of defining preferences can also be employed as an incentive design
mechanism where for the potential RUEs, their preferences can be incentive metrics
to motivate relay D2D communication. This is useful considering the self-focused
nature of holders of mobile devices.
For the work in this chapter, a mode selection algorithm is combined with the
above explained relay selection algorithm to allow the assisting of only D2D pairs for
which relayed communication is beneficial. To do so, the achievable data rate of direct
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D2D communication is compared to the achievable data rate of relayed communica-
tion. For a D2D pair, if using a particular relay UE to assist the communication of
the D2D pair results in less data rate than allowing direct communication, the RUE
is eliminated from the pool of RUEs. The proposed algorithmm does not need the
D2D pairs set to be of the same size as RUE set. It works for same set size and for
set sizes that are not the same. The proposed algorithm is shown in Algorithm 1.
The performance of the proposed algorithm is compared with other algorithms.
Specifically, a random selection algorithm and a greedy selection algorithm are the
algorithms used to compare with the proposed. For the random selection algorithm,
a relay UE is selected without a specific metric whereas, in the greedy relay selection
algorithm, the relay UEs that offer the highest data rate are selected. The greedy
algorithm provides an upper bound on the data rate performance. The greedy algo-
rithm used as a benchmark for comparing the proposed algorithm choses the relay UE
for which the data rate is maximum, i.e. given a set of D2D pairs, D and potential
RUE set, R if for a D2D pair dm that requires relay assistance, the achievable data
rate from using an RUE, rr is greater than the achievable data rate from using the
other RUEs in the set R, then the algorithm choses rr to act as the relay for dm.
This procedure is repeated until either there are no more RUEs in the set or there
are no more D2D pairs to assist. In so doing the algorithm assigns the maximum rate
achiving RUE to each D2D pair and so it is used to provide an upper bound.
The parameters used for simulation are listed in Table 3.2.
Table 3.2: System parameters
Parameter Value
Channel bandwidth (B) 20 MHz
Maximum number of D2D pairs 10
Noise power (σ) -174 dBm/Hz
Minimum D2D inter-distance 20 m
Maximum D2D inter-distance 100 m
Number of relay UEs 1 - 10
Number of D2D pairs 1 - 10
Path loss exponent (α) 4
D2D Maximum transmit power 23 dBm
Channel estimation error range () 0.1 - 1
Channel model Distance dependent
Cell radius 500m
UE distribution Uniform distribution
Maximum number of iterations 1000000
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Algorithm 1 Stable matching based relay selection
1: Input parameter:
2: Pr, Ps : transmit power values,
3: grd : relay-destination channel coefficient
4: gsd : source-destination channel coefficient
5: gsr : source-relay channel coefficient
6: dsr, dsd, drd : UE distances
7: σc, σd, σr : noise power values
8: σc = σd = σr = σ
9: Nd : number of D2D pairs
10: Nr : number of relay UEs
11: α : path loss exponent
12: εk : channel estimation error
13: u = zeros(Nr,Nd) place holder
14: For i = 1 : Nd
15: Compute Rd(i) = log2(1 +
Ps|gsd|2
|id|2+σ2 )
16: For j = 1 : Nr
17: Compute Rsr(i, j) = log2(1 +
Ps|gsr|2
|ir|2+σr )
18: Compute Rrd(i, j) = log2(1 +
Pr|grd|2
|id|2+σd ))
19: Compute Rr =
1
2
min(Rsr, Rr,d)
20: Replace channel gains in Rr and Rd with uncertainty aware terms as in equation
(3.9)
21: Mode Selection
22: If Rr(i, j) < Rd(j)
23: ru(i, j) = 1
24: End
25: If u(:, j) == 0
26: du(j) = 1
27: End
28: nRr = ru. ∗Rr
29: nRd = du. ∗Rd
30: Relay Selection
31: Compute the preferences (D,R)
32: D= Rs,r ,R= nRr
33: End
34: End
35: Matching = SM(D,R) // where SM is the stable matching algorithm
36: output Relay selection decision
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3.5 Performance Discussion
This section discusses the simulation results obtained from testing the relay selection
algorithm proposed in the work in this chapter. The performance metric used for
discussion is the D2D spectral efficiency and this is a ratio of the calculated D2D
data rate to the channel bandwidth. The performance of the D2D spectral efficiency
is plotted against parameters such as D2D transmit power, channel estimation error,
number of relay UEs and number of D2D pairs. The proposed relay selection algo-
rithm (Proposed RS Algorithm) is compared to a greedy relay selection algorithm
(GRS) and a random relay selection (RRS) algorithm.
In Fig. 3.2, the impact of channel uncertainty is studied for the considered al-
gorithms. The figure shows the performance of the proposed algorithm and the two
benchmark algorithms. To provide some more insight, the performances of uncer-
tainty aware variant of the benchmark algorithms are also shown. These uncertainty
aware algorithms are Uncertainty aware GRS (i.e. Uncertainty aware greedy relay
selection) algorithm and Uncertainty aware RRS (i.e. Uncertainty aware random
relay selection) algorithm. These uncertainty aware benchmark algorithms like the
proposed algorithm factor in the effect of channel uncertainty arising from estimation
errors. For this figure, the number of relay UEs is fixed at 5, the number of D2D
pairs is maintained at 10 and the transmit power of source and relay UEs is also
fixed at 23 dBm. It can be inferred from the figure that our proposed uncertainty
aware algorithm responds to errors in the channel estimation thereby giving a more
realistic insight into the performance of the D2D selection algorithms. The pattern of
the plot shows that as the channel estimation error is increased from 0.1 to 1, there
is degradation in the spectral efficiency of the proposed algorithm whereas, for the
non-uncertainty aware benchmark algorithms, the performance is indifferent. Consid-
ering that channel uncertainty can arise in wireless communication deployment, the
GRS and RRS algorithms do not offer a realistic insight into the performance of the
D2D setup. It can also be observed that although for larger channel estimation er-
ror values (0.5-1) the GRS algorithm provides higher spectral efficiency performance,
our proposed algorithm shows better performance below ε = 0.5. Moreover, for the
sake of comparison, the performances of the uncertainty aware counterparts of the
benchmark algorithms were also plotted. The performance gap between the uncer-
tainty aware GRS algorithm and our proposed RS algorithm is 0.05 bps/Hz at ε =
0.1 narrowing as ε approaches 1. This goes to show that designing uncertainty aware
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algorithms provide better design insight into wireless communication systems perfor-
mance. The indifference of the GRS and RRS algorithms is because these algorithms
assume availability of perfect channel state information. Furthermore, the proposed
RS algorithm fared better than the RRS algorithm for the uncertainty aware and non-
uncertainty aware cases. This is because, although the RRS algorithm is simpler, its
selection criteria is non-structured. The complexity of stable matching algorithm is
provided in Appendix A1.
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Figure 3.2: D2D spectral efficiency(bps/Hz) vs. Channel estimation error (ε)
In Fig. 3.3, D2D spectral efficiency is plotted against a number of relay UEs.
The pattern of the curves shows that having more relay UEs available for selection
improves the spectral efficiency of D2D communication. This is not counter-intuitive
being that with more participation in relay aided communication, the available band-
width resource is more utilized. Note that the number of D2D pairs is maintained at
10 and the transmit power of relay UEs and source UEs is fixed at 23 dBm. From
the figure, it can also be inferred that although our proposed algorithm trails the
greedy algorithm that seeks the best channels, it offers gains over randomly selecting
available relay UEs. The gap in performance between the GRS algorithm and our
proposed algorithm is roughly 0.07 bps/Hz at 5 relay UEs and widens to 0.1 bps/Hz
at 10 relay UEs.
Fig. 3.4 shows the performance of D2D communication as the number of D2D
pairs is varied from 1 to 10 for a fixed number of relay UEs in this case 5. From the
figure, the fixed number of relay UEs has an effect on the performance of the studied
algorithms. This is so because, beyond the point where the number of relays is equal
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Figure 3.3: D2D spectral efficiency(bps/Hz) vs. Number of relay UEs (nr)
to the number of D2D pairs, the trajectory of the plots are no more linear because
there are no more new relay entries into the relay UE sets. The performance of the
GRS algorithm and the proposed algorithm is also affected by the maximum distance
between the source UE and potential relay UEs and the maximum distance between
the potential UEs and the destination UE. For the simulations resulting in Fig. 3.4,
there are two maximum distances considered viz. 50 m and 100 m. This increase in
maximum distance results in a slight increase in spectral efficiency for both the GRS
and the proposed RS algorithm.
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For the discussed results so far, the transmit power of the source UEs and the
relay UEs have been fixed at 23 dBm. In Fig. 3.5, the D2D spectral efficiency is
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plotted against the D2D transmit power. D2D transmit power here refers to the
transmit power of the source UE and the relay UE. For this figure, the number of
D2D pairs in the cell is 10 and the number of relay UEs available for selection is fixed
at 5. The channel estimation error in the interfering channel is fixed at 0.1. For the
range of transmit power considered (0-12 dBm), the proposed algorithm offers higher
D2D spectral efficiency over the GRS algorithm and the RRS algorithm to the tune
of 33 % and 79 % at a transmit power of 12 dBm respectively. For the simulation
resulting in Fig. 3.5, the proposed algorithm is channel uncertainty aware whereas the
other two benchmark algorithms are non-channel uncertainty aware. Furthermore,
the preference feature of stable matching allows the relay UEs to control their choice
of D2D pairs to assist.
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Figure 3.5: D2D spectral efficiency (bps/Hz) vs. D2D transmit power (dBm)
To provide insight into the performance of the proposed algorithm, the effect of
preference list selection criteria is shown in Fig. 3.6. The proposed algorithm uses
the data rate of relay aided communication to define the preference list of the relay
UEs whereas, for the D2D pairs, the preference list is defined by the source-relay
UE data rate. It can be seen from the figure that the proposed algorithm (Proposed
RS Algorithm A) which is based on these preference list definition offers improved
spectral efficiency over its B variant. Unlike the algorithm that the work in this
chapter puts forward, the compared variant (proposed RS Algorithm B) bases the
relay UE’s preference list on the distance between the source UEs and the relay UEs.
This goes to show the impact of appropriate choice or preference list selection criteria
for stable matching based algorithms.
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Figure 3.6: D2D spectral efficiency (bps/Hz) vs. Channel estimation error (ε)
The reason for the trailing performance of proposed RS Algorithm B can be ex-
plained by the fact that since the objective function is the data rate for the relay
link, choice of preference parameters needs to contribute to the objective function.
Moreover ranking the D2D pairs based on distance can derail performance as wider
distance can deteriorate the rate performance.
In Fig. 3.7, the convergence of the proposed algorithm is presented. The number
of iterations is varied from 10 to 100000, the transmit power of source UE and relay
UE is 23 mW, there are 5 relay UEs available for selection and there are 10 D2D
pairs. Moreover, the channel estimation error is maintained at 0.4. From the figure,
the resulting D2D spectral efficiency values increase between 10 to 1000 iterations
and converge to approximately 0.182 beyond 1000 iterations. For the simulations
resulting in the plots shown in Figs. 3.2 - 3.7, the number of iterations is kept
constant at 100000. As expressed in Appendix A.1, the complexity of the stable
matching algorithm increases as the square of the number of D2D pairs which brings
up the issue of scalability of the proposed method. For the proposed algorithm,
although the preference lists are created in the UEs, the matching is performed by
the BS which has the computational resources to handle large D2D connections.
3.6 Conclusion
In conclusion, the work presented in this chapter has proposed a relay selection al-
gorithm based on stable matching where preferences are defined by members of the
relay UE set and D2D pair set. The proposed algorithm has been compared to a
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greedy selection algorithm that provided an upper bound and a random selection
algorithm. Unlike the benchmark algorithms, the proposed algorithm is channel un-
certainty aware. Although the proposed algorithm trailed behind the greedy selection
algorithm for a fixed high transmit power value (23 dBm), for a lower range of trans-
mit power values (0-12 dBm), it showed spectral efficiency improvement over the
greedy selection algorithm. Furthermore, intuitively the greedy selection algorithm
has a weakness of repetitive selection of a particular relay whereas for the proposed
algorithm, such weakness does not come up being that the relay UEs are ranked
according to preferences.
The proposed algorithm was combined with a mode selection algorithm that en-
sured that only D2D pairs for which relayed communication was beneficial were as-
sisted, unlike the benchmark algorithms. From the results discussed, the effect of
channel uncertainty due to estimation errors is demonstrated and the effect of dis-
tance, the number of relay UEs and D2D pairs in the network was also presented. The
convergence of the proposed algorithm was also shown. The proposed relay selection
algorithm is not only centred on improving D2D communication but it is also RUE
centric because it affords the relay UEs a ranking of the D2D pairs.
Considering the available buffer space of relay UEs is also key in relay selection.
The next chapter focuses on a cross-layer approach to relay UE selection for D2D
communication.
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Chapter 4
Cross Layer Relay Selection in
D2D Communication with Channel
Uncertainty
4.1 Introduction
The previous chapter considered relay selection for D2D communication and the per-
formance of the algorithm proposed in that chapter was discussed. Several perfor-
mance metrics were used to show the gains of the proposed algorithm in comparison
to other traditional algorithms in the literature.
In this chapter, the problem of relay selection is extended to capture the layered
nature of the protocol stack of the OSI model. The OSI model is shown in Fig. 4.1.
Available relay selection algorithms mostly focus on the use of parameters from the
physical layer of the OSI model as a metric for relay selection. Where cross layer
selection algorithms are proposed in the literature, the algorithms are not channel
uncertainty aware. Although the single layer approach to relay UE selection can
provide helpful insight into the performance of formulated algorithms, it may fall
short in giving a holistic performance evaluation of selection algorithms. As stated
in the literature, a cross layer approach to relay selection provides a multi-layered
view of the performance of algorithms designed to optimize a wireless communication
system. In relay UE selection, employing a cross-layer approach to relay selection
becomes even more necessary being that, although a link can report good link quality
for relaying through measured channel state information (CSI), the relay buffer state
reported through the queue state information (QSI) may not allow the involvement
of a relay UE. Apart from the link quality and the buffer state, the battery state
of the relay UE may not allow sufficient relay duration to forward received data.
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There are cross layer selection algorithms in the literature, but to the best of our
knowledge, employing stable matching as an approach for cross layer relay selection
in D2D communication in the face of channel uncertainty is unique to the work in
this thesis.
Figure 4.1: The OSI model
Hence, this chapter proposes a cross-layer selection approach for relay-assisted
D2D communication. In so doing, the relay selection criteria not only captures the
quality of the relay link but also captures upper layer parameters which in the case
of this chapter is the queue state information. The QSI used for the work in this
chapter is defined as a function of the buffer state of the relay UEs. Our approach to
cross-layer relay selection involves defining a selection parameter that is a function of
both the CSI and QSI.
The problem of cross-layer relay selection is formulated as a utility maximization
problem subject to data rate constraint. And unlike the cross-layer D2D relay se-
lection algorithms reviewed in chapter two of this thesis, our formulation is not only
channel uncertainty aware but also employs stable matching to solve the formulated
cross-layer relay selection problem. Using computer simulations, the performance of
the proposed algorithm is shown in comparison to other algorithms and the results
discussed.
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Consider a cellular network with direct communication allowed between D2D en-
abled devices which make up a set D = {d1, d2, d3, ..., dm}. Let the set of relay enabled
devices that can serve as helper nodes to help forward signals of neighbouring D2D
pairs that need relay services be given by R = {r1, r2, r3, ..., rk} as in Fig. 4.2.
Figure 4.2: A 2 way D2D relay set up
For the relay enabled UEs, two way relaying using the DF technique is imple-
mented such that a D2D pair (DUE1 and DUE2) can both send data to a selected
relay simultaneously. The use of two way relaying makes the work in this chapter
different from the work in chapter three of this thesis. The D2D pair (DUE1 and
DUE2) can also receive from the selected relay UE a combination of the signals they
had sent. From these combined signals, they can extract their signal of interest. This
two-way communication is accomplished in two time slots. That is in the first time
slot, a selected relay UE receives signals from DUE1 and DUE2. In the second time
slot, the relay UE broadcast a combination of the signals. This communication set
up assumes that both DUE1 and DUE2 have data or signals to send to one another.
Let the devices (whether D2D pairs or relay enabled UEs) be uniformly distributed
within a cell. It is assumed that the BS has the capabilities to co-ordinate inter-cell
interference. Moreover being that uplink communication is considered, interference
arising from D2D communication is directed towards the BS and not cellular UEs.
Selecting a relay UE to assist a neighbour D2D pair forward packets should con-
sider more than the link quality. Although operators of mobile networks desire to
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provide an acceptable quality of service, deploying relay assisted D2D communica-
tion in which relay UEs are selected without considering their limited buffer size may
lead to dropped packets.
The main contributions of the work in this chapter include:
• Formulating the relay selection problem as a utility maximization problem. In
so doing the relay selection is presented in a mathematical format for which an
algorithm can be provisioned to solve the formulated problem,
• Formulating a cross-layer parameter for relay selection. The proposed cross-
layer parameter combines feeds from the physical layer (the data rate) and the
MAC layer which is a data link sub-layer. This approach ensures that the relay
selection process is not only D2D pair focused but also relay UE centric,
• Proposing a cross-layer channel uncertainty aware stable matching based re-
lay selection algorithm. Unlike most cross-layer designs in the literature, we
consider imperfect channel information and so incorporate channel estimation
errors into the formulated problem and
• Demonstrating through simulations the performance of the proposed algorithm
over traditional best source-relay and best relay-destination selection algorithms.
Our proposed cross-layer relay selection algorithm meets the constraints of the
formulated selection problem and allows for relay and D2D pair defined prefer-
ences. To the best of our knowledge, this approach of using stable matching for
D2D cross-layer relay selection is unique to our work.
To provide a background to the formulation of the utility function, the physical layer
and MAC layer parameters are discussed.
4.2 Physical Layer: End-to-End Data Rate
The task of improving a communication system can be achieved by optimizing a
physical layer parameter such as the spectral efficiency, probability of outage, energy
efficiency among other such parameters. The parameter of interest at the physical
layer for the work in this chapter is the end-to-end data rate of the source-relay-
destination link. To avoid ambiguity in expressions, DUE1 is used to denote the
D2D transmitter whereas DUE2 denotes the D2D receiver. The terms, receiver and
transmitter may not be appropriate since both devices transmit to and receive from
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the selected relay UE in the two way DF relaying setup that is considered in the work
in this chapter.
For relay assisted D2D communication using 2 way DF relaying, let the informa-
tion that DUE1 intends to send to DUE2 be given by s1 and the information DUE2
intends to send be given by s2. Let the channel between DUE1 and the selected RUE,
r be given by h1 and the channel between DUE2 and the RUE, r be given by h2.
Then in the first time slot, RUE r receives yr. yr is given by:
yr =
√
P1s1h1 +
√
P2s2h2 + ir + nr, (4.1)
where P1 is the transmit power of DUE1, P2 is the transmit power of DUE2, the
Additive White Gaussian Noise (AWGN) at the relay is denoted by nr modelled as
CN ∼ (0, Nr) , ir is the sum interference experienced by the selected RUE. In the
second time slot, the D2D pair receive a filtered version of yr having been filtered
through h1 and h2 respectively. The channel is modelled as a distant dependent path
loss model such that hi = βd
−α
2
ij for a separation di,j between UEs i and j with path
loss exponent of α. β captures the small scale fading of the channel. The channels
between each pair of devices are considered equal and reciprocal.
The received signal yr is broadcast by RUE, r to both DUE1 and DUE2 in the
second time slot. Thus in the second time slot, the signal sensed at the D2D pair,
DUE1 and DUE2 can be expressed as:
y1 =
√
Pryrh1 + i1 + n1 (4.2)
and
y2 =
√
Pryrh2 + i2 + n2, (4.3)
where Pr is the relay transmit power while n1 and n2 are the AWGN at DUE1 and
DUE2 respectively modelled as CN ∼ (0, N1) and CN ∼ (0, N2) respectively. i1 and i2
are respectively the interference that DUE1 and DUE2 respectively experience. The
two way DF relay communication can be decomposed into two one-way relay aided
communication flows thus:
• DUE1 - RUE - DUE2 and
• DUE2 - RUE - DUE1.
Denote the end-to-end data rate associated with each flow as R1 and R2 respectively
where,
R1 = 0.5×min(log2(1 +
P2|h2|2
|ir|2+Nr ), log2(1 +
Pr|h1|2
|i1|2+N1 )) (4.4)
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and
R2 = 0.5×min(log2(1 +
P1|h1|2
|ir|2+Nr ), log2(1 +
Pr|h2|2
|i2|2+N2 )) (4.5)
Having 1
2
in equations (4.4) and (4.5) shows a halving of the data rate due to the
introduction of relays. This points to the fact that whereas direct communication
will use a single time slot, a relayed communication uses twice the number of slots.
The data rate of the two way DF D2D communication rate for unit bandwidth can
be expressed as [115],
Rr = min(R1 +R2, Rm), (4.6)
In equation (4.6),
Rm = 0.5× log2(1 +
P1|h1|2
ir +N1
+
P2|h2|2
ir +N2
) (4.7)
For unassisted D2D communication where D2D pairs communicate directly, the data
rate measured at DUE2 can be expressed as,
R12 = log2(1 +
P1|h12|2
i2 +N2
) (4.8)
.
Hence at the physical layer, we define a data rate based selection parameter U
which is the difference between the data rate for relayed communication and that for
direct un-relayed communication between DUE1 and DUE2, i.e. U = diff(Rr, R12).
This can be viewed as the gain from relaying. The relaying gain is beneficial to
the D2D pair since DUE1 and DUE2 want to obtain reasonable improvement in the
communication experienced from relay assistance. Although this relaying gain can be
used as a parameter for a relay reward or incentive scheme, it does not consider the
state of the relay buffers. Therefore, in the work in this chapter, the defined relaying
gain is optimized in combination with a MAC sub-layer parameter.
4.3 The Data Link Layer: The Queuing State In-
formation
Apart from the physical layer, there are other layers in the OSI (open system inter-
connect) model. One of such layers is the data link layer within which is the MAC
sub-layer. For each idle relay capable UE that is a candidate for relay selection, there
is a non-elastic buffer. The buffer size is independent of the channel state and so
although an idle UE may seem to be a good candidate for relay aided communication
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based on reported or measured link quality, the buffer state of the idle UE may not
allow the storing and forwarding of target D2D communication information. There-
fore the need to design relay UE selection parameters to cater to the buffer states of
relay UEs.
To cater to the buffer state of potential relay UEs, a MAC sub-layer parameter
namely QSI is defined. In the work in this chapter of the thesis, the QSI is defined
as qr. Denote an indicator parameter, c such that:
qr =
1
c
, c =
{
1, if Qr
Br
< 1
∞, if Qr
Br
> 1,
(4.9)
where the size of the buffer of the relay enabled UE is denoted by Br and the size
of the queue of packets at the relay UE buffer is denoted by Qr. Qr is a uniformly
distributed value betwen 100 and 500. qr is a binary indicator that signifies the state
of the queue of a candidate RUE’s buffer. qr indicates whether the buffer is full or
not full. Therefore the cross-layer parameter for optimization is expressed as:
U × qr, (4.10)
where U = diff(Rr, R12). The goal of the work in this chapter is to select RUEs
in a manner that optimizes the defined cross-layer parameter. The choice of this
metric as a cross layer metric for relay selection in D2D communication is informed
by the fact that it captures both the performance metric at the physical layer and
the performance metric at the MAC sublayer. In using the product of the U and qr,
having a report of optimal data rate for a give RUE path is not sufficient for selecting
a relay UE, rather the value of qr which is indicative of the state of the buffer is
factored into the choice of a candidate RUE.
4.4 Problem Formulation
The relay selection is then formulated as an optimization problem to maximize the
cross-layer function U × qr. In so doing, parameters from the physical layer and the
data link layer are factored into the relay selection problem. Improved data rate is
important to D2D communication and the state of buffers is also important to relay
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UEs. Hence the optimization problem can be rendered as:
max
xmk
∑
d∈D
∑
r∈R
xmk(U × qr) (4.11a)
subject to:
C1 :
∑
d∈D
xmk ≤ 1∀dm ∈ D (4.11b)
C2 :
∑
r∈R
xmk ≤ 1∀rk ∈ R (4.11c)
C3 : Rd ≥ Rth∀dm ∈ D (4.11d)
C4 : xmk = {0, 1},∀dm ∈ D, ∀rk ∈ R (4.11e)
The constraints C1 ensures that only one relay UE can assist the communication of
a D2D pair. This means that multi-hoping is not permitted. Moreover, C2 ensures
that a relay UE can only assist a D2D pair. i.e. not more than the data of a D2D pair
can be carried by a relay per time. Constraint C3 is a QoS constraint that ensures
that the data rate of D2D communication is met. The work in this chapter goes
an extra mile to define a cross-layer parameter for optimization. Keeping to one of
the anchors of the work in this thesis, the effect of channel uncertainty arising from
the presence of channel estimation errors is also considered. C4 shows an indicator
variable xmk = {0, 1}.
4.4.1 Channel Uncertainties
Channel uncertainty sources include channel estimation errors, channel state infor-
mation sourcing delay, feedback quantization errors [116] and channel ageing. The
additive error model adopted by similar works [107] in which a bounded channel esti-
mation error is added to the channel estimate is the approach followed in this thesis.
As in chapter three, a deterministic uncertainty model is adopted for the analysis
in this chapter. In deterministic models, the error being modelled is assumed to lie
within a bounded region which could be a line segment or an ellipse. To apply or
introduce channel estimation errors into the analysis, the SINR terms in equations
(4.4), (4.5) and (4.8) are reformulated. Thus for a channel ajk between UEs j and k,
with j transmitting at a power level Pj and UE k experiencing an interference given
by Pi|aik|2 and with a noise power of N0, the SINR at UEk is given by:
SINRjk =
Pj
Pi
|aik|2
|ajk|2 +
N0
|ajk|2
(4.12)
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SINRjk =
Pj
Piak +Nk
(4.13)
To keep notations lean, the ratio |aik|
2
|ajk|2 is expressed simply as ak and similarly the
ratio N0|ajk|2 is given by Nk in equation (4.13). The channel estimation errors can then
be introduced into the channel gains such that the SINR with normalised or scaled
channel gains having channel estimation errors introduced can be expressed as:
SINRjk =
Pj
Piak +Nk
, (4.14)
where for column wise uncertainty set as in [117],
ak = ak + ξk : |ξk|≤ δk∀d ∈ D (4.15)
In equation (4.15), ak is the noisy channel estimate, εk is the channel estimation
error introduced through imperfect channel estimation. ak is the perfect channel
estimate and is bounded by δk. δk > 0. This approach of using the column wise
uncertainty set is also employed in [117]. Adapting and applying equations (4.14 -
4.15) to the optimization problem in equation (4.11), we formulate the uncertainty
aware optimization problem as:
max
xmk
∑
d∈D
∑
r∈R
xmk(U × qr) (4.16a)
subject to:
C1 :
∑
d∈D
xmk ≤ 1∀dm ∈ D (4.16b)
C2 :
∑
r∈R
xmk ≤ 1∀rk ∈ R (4.16c)
C3 : Rd ≥ Rdth , aij ∈ aij, ajr ∈ ajr,∀dm ∈ D, (4.16d)
C4 : xmk = {0, 1},∀dm ∈ D, ∀rk ∈ K (4.16e)
4.4.2 Relay Selection
To solve the formulated problem in equation (4.16), we propose a cross-layer relay
selection algorithm that is based on one-to-one stable matching. The choice of an
alternative approach to solving the formulated problem is due to its non-convex na-
ture.
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Algorithm 2 Cross - layer relay selection
1: Input parameter:
2: Br : relay buffer size
3: Qr : relay queue size
4: η amplifier efficiency
5: P1, P2, Pr : transmit power values,
6: h1 : DUE1 - relay UE channel coefficient
7: h2 : DUE2 - relay UE channel coefficient
8: h12 : DUE1 - DUE1 channel coefficient
9: d1r, d21, d12 : UE distances
10: nd : number of D2D pairs
11: nr : number of relay UEs
12: α : path loss exponent
13: for i = 1 : Nd do
14: Compute Rd(i) = log2(1 +
P1|h12|2
i2+N2
)
15: for j = 1 : Nr do
16: Compute R1(i, j) = log2(1 +
P2|h2|2
|ir|2+Nr ), log2(1 +
Pr|h1|2
|i1|2+N1 )
17: Compute R2(i, j) = log2(1 +
P1|h1|2
|ir|2+Nr ), log2(1 +
Pr|h2|2
|i2|2+N2 )
18: Compute Rr, U = diff(Rr(i, :)), (Rd(i))
T ) where (.)T is the transpose oper-
ation. Reformulate Rr, U based on equation (4.15)
19: end for
20: end for
21: if Qr
Cr
< 1 then
22: qr = 1
23: else
24: if Qr
Cr
> 1 then
25: qr = 0
26: end if
27: end if
28: for i = 1 : Nd do
29: for j = 1 : Nr do
30: R = U(i, j) ∗ qr(1, j) // preference of relay UEs
31: D = R1,r(i, j) ∗ qr(1, j) // preference of D2D UEs
32: end for
33: end for
34: R (R== 0) = [ ] eliminate relays with full buffers
35: D (D== 0) = [ ] eliminate relays with full buffers
36: [mM,uM ] = SM(D,D) // where SM is one-to-one stable matching algorithm
37: D2D data rate for assisted communication =sum(Rr(nM, :))
38: output Relay selection decision
Stable matching allows the modelling of the problem as a matching market. Let
the cross-layer relay selection problem be designed as a matching market denoted by
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the tuple (D,R,D,R) where D and R are the preference lists that elements
of the D2D set D hold over elements of the relay set, R and vice versa. Each D2D
pair defines a list in which members of the relay set are ranked according to their
desirability. Similarly, the relay UEs rank members of the D2D pair set according to
their desirability.
For the work in this chapter, the criteria for ranking relay pairs is the data rate
of DUE1 - relay UE link, R1r whereas the relay gain function U is used by the relay
UEs to rank members of the D2D pair set. The use of U can be seen as an incentive
measure since it points to the relaying gain. Our choice of one-to-one stable matching
is because the nature of one-to-one stable matching satisfies the first two constraints.
That is in one-to-one stable matching, one member of a set can be matched to only a
member of an opposite set. This characteristic of the one-to-one stable matching fits
with constraints C1 and C2. Moreover, by defining the preference list as a function
of the data rate, the third constraint is equally satisfied. The proposed cross-layer
algorithm is dubbed: ”Cross layer”. A detailed flow of the selection algorithm is given
in Algorithm 2. In the proposed cross-layer algorithm, the equation (4.9) holds. That
is if a potential relay UE has an available buffer space of whatever size, the relay UE
remains part of the potential relay UE set. A relay UE is only excluded from the relay
UE list if its buffer is full. The problem of cross layer relay selection can be modelled
as a Markov chain and this approach has been studied by R. Ma et al. [101]. For the
work in this chapter, we approach cross layer relay selection differently by modelling
the problem as a matching market which is unique to the work in this thesis. Not
using the Markov chain approach, the accompanying concepts of the distribution of
the arrival process is avoided.
4.5 Analysis of Results
In this chapter, an uncertainty-aware cross-layer relay selection algorithm for relay
aided D2D communication is proposed. Parameters in the physical and data link
layers are employed in the cross-layer relay selection technique. In this section, the
performance of the proposed algorithm is analysed and the results are discussed. The
parameters employed for simulation are laid out in Table 4.1.
The four algorithms considered are the proposed cross-layer algorithm, a best
source-relay algorithm, a best relay-destination algorithm and a random selection
algorithm. The best source-relay link selection algorithm chooses the RUE for which
the DUE1-RUE link offers the highest data rate. Similarly, the best relay-destination
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Table 4.1: System Parameters
Parameter Value
Amplifier efficiency 0.3
Circuit power 0.1
Buffer size 500
Queue length 100 - 500
Channel bandwidth 20 MHz
Maximum number of D2D Pairs 10
Noise power (σ) -174 dBm/Hz
Minimum D2D inter-distance 50 m
Maximum D2D inter-distance 100 m
Number of relays 2 - 5
Path loss exponent (α) 4
D2D maximum transmit power 23 dBm
Channel estimation error range (ξ) 0.02 - 0.2
Channel model Distance dependent
Cell radius 500m
UE distribution Uniform distribution
Maximum number of iterations 100000
Number of interfering sources 10
link selection algorithm selects the RUE for which the RUE-DUE2 data rate is the
highest. The random selection algorithm on the hand selects an RUE in a non-defined
manner.
The first result is shown as numbers in Table 4.2. Using a modified Jian fairness
index [118], the fairness of the proposed cross-layer relay selection algorithm, its non-
cross layer alternatives are presented in Table 4.2. If for x resources allocated to n
processes in a way that a resource xi is allocated to the i
th process, then the index of
fairness as defined by Jain et. al. [118] can be rendered as:
f(x) =
n∑
i=1
xi
n∑
i=1
x2i
, (4.17)
where x is the ratio of an allocation to the optimal allocation. Analysing the fairness
index of the algorithms using equation (4.17), the resulting index will be equal for all
the algorithms if x is the number of RUEs. And so this motivated the use of spectral
efficiency as x in equation (4.17) for the Jain’s index calculation.
From the entries in Table 4.2, the Cross layer algorithm offers higher fairness in
comparison to the rest of the algorithms whereas random relay selection algorithm has
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Table 4.2: Jian’s Fairness Index
Cross layer Best S-R Best R-D Random selection
0.9281 0.9181 0.9117 0.9021
the least fairness value. The performance of the proposed Cross layer algorithm can be
attributed to stable matching which is its underlying algorithm. It is characteristic of
stable matching to allow for preference definition from members of sets that make up
a matching market and that explains the higher fairness value. The best source-relay
algorithm has a higher fairness index value than the best relay-destination algorithm
whereas the random selection algorithm has the least fairness index.
For Fig. 4.3, the transmission time is plotted against the D2D transmit power.
Transmission time is formulated as an inverse of the data rate ( 1
Rr
) where Rr is the
data rate of the relay path for unit bandwidth.
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Figure 4.3: Transmission time(s) vs D2D transmit power (dBm)
The proposed algorithm offers the least transmission time in comparison with
the other algorithms and shows that the proposed algorithm has the potential to
provide less delay. As the D2D transmit power is increased, the transmission time
performance gap narrows between the proposed Cross layer algorithm and the com-
pared algorithms. The superior performance of the proposed Cross layer algorithm
in the low D2D transmit power region is promisisng as this can contribute to better
energy efficiency in implementation. The random selection algorithm not having a
clear selection structure showed the worst performance among the studied algorithms
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whereas the best source-relay algorithm bested the best relay-destination selection
algorithm.
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Figure 4.4: Energy efficiency(b/J) vs. D2D transmit power (dBm)
The energy efficiency plots of the Cross-layer selection algorithm in relation to
the other discussed algorithms are shown in Fig. 4.4. The energy efficiency (EE) is
obtained using the formula:
EE =
Rr
PT
(b/J), (4.18)
where as in [119], the total power PT is obtained from adding together the transmit
power(Ptr) and the devices’ circuit power (Pc). Therefore PT can be expressed as:
PT =
1
η
Ptr + Pc, (4.19)
where η denotes the amplifier efficiency of the UEs. Note total power combines the
transmit power of the D2D pair and selected RUE, i.e.
Ptr = 2ndPi + nrPr (4.20)
Pcir = 2ndPciri + nrPcirr , (4.21)
where i = 1, 2, nd refers to the number of D2D pairs and nr denotes the number of
RUEs.
For these plotted curves, the D2D transmit power is varied from 0 dBm to 18
dBm. The trajectory of the plotted curves shows a rise in energy efficiency from
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D2D transmit power of 0 dBm. The rise in the curves reaches an apex at 9 dBm
beyond which the curves taper off to its minimum at 18 dBm. The apex gives an
insight into the threshold beyond which D2D communication is not energy efficient
for the considered simulation parameters and the considered algorithms. Note that
there are 10 D2D pairs and 5 RUEs for the simulation resulting in Fig. 4.4. The
pattern of the plots do not deviate from patterns of energy efficiency plots in the
literature. The proposed algorithm offers higher energy efficiency over other compared
algorithms although it is channel uncertainty aware. The compared algorthms only
approach the proposed algorithm when the transmit power of D2D communication is
in the high regimes. And so implementing the proposed algorithm has the potential
to provide energy saving. This gain in energy can make for the complexity of the
proposed algorithm which increases as the squatre of the number of D2D pairs. And
being that the matching occurs at the base station, the complexity is handled by the
computational power of the base station.
For the work in this chapter, potential relay UEs are randomly positioned between
D2D pairs. To reap the benefits of relay networks, the position of the relay between
source and destination devices is also key. Thus in Fig. 4.5, the spectral efficiency of
D2D communication is plotted for a source-relay distance.
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Figure 4.5: D2D spectral efficiency (bps/Hz) vs. Source - relay distance (m)
From the curves in Fig. 4.5, the optimal relay position is in the region halfway
between the D2D pair. Whereas the proposed Cross layer algorithm shows that
positioning a relay UE exactly halfway between the D2D pairs is optimal as in the
literature [58]; the best source-relay and best relay-destination algorithms show that
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for these algorithms the optimal relay position deviates from the halfway position
and are either nearer the destination (DUE2) or the source UEs (DUE1) respectively.
The proposed Cross layer algorithm on the average offers improved spectral efficiency
for the range of relay UE position but falls slightly below the best source-relay link
algorithm when the relay UE is positioned nearer the destination. The performance
of the best source-relay and best relay-destination algorithms stems from the fact
that these selection algorithms are based on the performance of either side of the
two phases of (DUE1-to-RUE and RUE-to-DUE2) communication hence the one-
sided biases in the optimal positioning. Again our uncertainty aware algorithm shows
improved performance.
Fig. 4.6 shows the plot of D2D spectral efficiency against source–relay distance
for a range of channel estimation errors. For this figure, the Cross layer algorithm is
considered. The channel estimation error used for the figure are ξ = 0.02, 0.06 and 0.2.
The transmit power of D2D communication is pegged at 23 dBm. The figure shows
that as the considered channel estimation error is increased, there is an accompanying
drop in spectral efficiency. The drop in performance is about 20 % for an increase of
estimation error from 0.02 to 0.06 and about 40 % drop for an increase in estimation
error from 0.06 to 0.2. This is indicative of the effect of channel uncertainty on the
performance of D2D communication and so makes the case for channel aware relay
selection algorithms. Moreover, since even for a fixed channel estimation error of
ξ = 0.1 in the previous figures, our algorithm shows better EE, transmission time
and fairness over the other non-cross layer algorithms, the proposed algorithm can be
seen to offer an edge.
.
The number of relay UEs available for relaying can affect the performance of
relay networks. This is demonstrated in Fig. 4.7 in which the plots of D2D spectral
efficiency versus the number of relays is presented. The number of RUEs is varied
from 2 to 5. The pattern of the graphs shows an increase in spectral efficiency as the
number of available relays is increased. This performance is not counter-intuitive as
with more relays, there is increased opportunity for participation in relay aided D2D
communication and hence improved spectrum utilization. For Fig. 4.7, the number
of D2D pairs is fixed at 10 and the channel estimation error is kept at 0.1 and the
maximum D2D separation is 100 m.
In Fig. 4.8, the D2D spectral efficiency versus the D2D transmit power perfor-
mance of four algorithms are plotted. For the plots in Fig. 4.8, the number of D2D
pairs in the cell is 10 and the number of relay UEs is 5. In Fig. 4.8, there is a general
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Figure 4.6: D2D spectral efficiency (bps/Hz) vs. Source - relay distance (m)
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Figure 4.7: D2D spectral efficiency (bps/Hz) vs. number of relays
rise in the curves as the D2D transmit power is increased from 0 dBm to 18 dBm
indicating increasing spectral efficiency as the transmit power of D2D communica-
tion is increased. The plots show that the random selection algorithm offers the least
spectral efficiency falling behind the Cross layer algorithm, the best source-relay al-
gorithm and the best relay-destination algorithm. Between the best source-relay and
the best relay-destination algorithms, the former provides higher spectral efficiency
for increasing transmit power as in [117] giving up to 4% improvement in performance.
Furthermore, the proposed Cross layer algorithms outperform the other three algo-
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Figure 4.8: D2D spectral efficiency vs. D2D transmit power(dBm)
rithms offering nearly 9% increase in spectral efficiency over the random selection
algorithm at 16 dBm. For this plot, the channel estimation error is fixed at 0.1 and
the number of interfering cellular UEs are fixed at 10.
In this chapter as in chapter three, relay selection algorithms are proposed for
D2D communication. These algorithms are based on the stable matching algorithm.
It is shown in the literature that the computational complexity of stable matching
algorithm is O(|nd|2) [114]. The algorithm is still scalable since the matching is
performed at the BS and the UEs only need to submit their preferences to the BS.
4.6 Conclusion
In this chapter, a cross-layer relay selection algorithm for D2D communication was
proposed and its performance was studied. Using two way relaying and half duplex
mode at the relay UE, the performance of the proposed technique was analysed.
Performance metrics that were employed included transmission time, spectral ef-
ficiency, energy efficiency and fairness. To provide a realistic insight into the per-
formance of the proposed algorithm, channel uncertainty was weaved into the refor-
mulated interference channel expression. Ignoring the buffer of a potential relay UE
assumes that the buffer is always empty, hence the cross-layer approach.
The results presented showed that the proposed Cross layer algorithm offers a fair-
ness advantage to relay selection apart from spectral efficiency and energy efficiency
gains.
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The proposed algorithm showed improvements despite being uncertainty aware in
comparison to other algorithms that were not uncertainty aware. The work in this
chapter has proposed a cross-layer technique and showed through computer simula-
tions the performance of this technique. The cross-layer nature of proposed algorithms
makes relay selection not only D2D centric but also relay UE centric. This caters for
the rational nature of users of relay UEs. For the work in chapters three and four, we
have kept a fixed transmit power. That is, power allocation has not been part of the
work in these chapters. In chapters five and six, we relaxed that approach to allow
for power allocation. In chapter six, the UEs are allocated transmit power through
linear programming whereas robust beamforming is used in chapter five.
A promising use case of relay-assisted D2D communication is group communica-
tion. Group communication has the potential to oﬄoad reasonable traffic from the
network being that a group transmitter can send requested data to a cluster of UEs
instead of the group of UEs depending on the BS for such data. In the next chap-
ter, D2D multicast communication is considered in which D2D UEs are clustered for
group communication.
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Chapter 5
Robust D2D Multicast Clustering
5.1 Introduction
In chapters three and four, point to point communication through RUEs were con-
sidered. In this chapter of the thesis, a case of multicast communication is considered
in which the RUE that is selected as a cluster head or group transmitter transmits to
members of a group. D2D communication has the potential to not only enable direct
communication but to also enable group communication. Such group communication
can relieve the network by oﬄoading some network traffic to D2D communication. A
use case for applying group communication is content distribution. Consider that a
number of UEs requests popular content from the network. If that requested content
is available in one or more of the UEs that are within the range of other members
of the group, the BS can direct the UEs that have copies of the requested content to
send through D2D multicast communication to other members of the group. Such
content could be a short music video or a replay of a highlight in a sporting event.
This use case brings up the challenges of:
• creating clusters,
• selecting cluster heads/ transmitter(s),
• selecting the transmission rate for group transmission.
In this chapter, the problem of cluster formation and cluster head or relay/transmitter
selection are considered. The work in this chapter models the D2D multicast com-
munication problem as a rate optimization problem. It proposes a simple machine
learning based approach for clustering UEs into groups. Considering an inter-cluster
interference limited setup, the interference channel is modelled as imperfect; an ap-
proach that is unique to the work in this chapter. Performance analysis shows the
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dependence of the performance of D2D multicast communication on channel uncer-
tainty. Furthermore, the dependence of the performance of D2D multicast communi-
cation on the dimensions of D2D clusters is also demonstrated. Additionally, a case
in which the cluster head is equipped with more than one antenna is also consid-
ered. For this case, the D2D multicast communication problem is formulated as a
beamforming problem.
Thus the contribution made in this chapter includes the following:
• Formulating D2D multicast communication as a rate maximization problem
subject to power and interference constraints.
• Formulating a robust equivalent of the rate maximization problem with deter-
ministic and probabilistic interference constraints. Channel uncertainty arising
from imperfect channel estimation is considered in the inter-group interfering
channel. The formulated robust problem is shown to be convex and with an
appropriate solver, the formulated problem is solved.
• Showing through simulations the gains of D2D multicast communication
• Formulating convex robust beamforming for D2D communication as a power
minimization problem with full channel uncertainty. Channel uncertainty is
considered in the target and interfering channel.
• Showing through simulations that the performance of a probabilistically con-
strained beamforming problem approximates the non-probabilistically constrained
problem for the considered parameters.
5.2 D2D Clustering
Consider an isolated cell having a serving BS and UEs distributed uniformly within
the coverage area of the BS. Among the cellular users, there is/are (a) group(s) of
users that have placed a request to the BS for a particular content. Such content could
be a replay of the highlight of a game or a short comedy video. The BS transmits
towards the group through multicast communication. Since the channels between
the BS and each UE experience different fading, some of the UEs in the group may
not receive correctly the content from the network. Let the set of UEs that receive
correctly the content from the BS be denoted as A = {a1, a2, a3, ...an} and let the
UEs that receive incorrectly the sent content be denoted by set S = {s1, s2, s3, ...sm}.
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To satisfy the request of elements of set S, the BS can either re-transmit the
content or could exploit the presence of elements of the A set. Without loss of
generality, the separation between elements of the A set and elements of the S set
can be assumed to be relatively smaller than the separation between the BS and S set
elements. Therefore if the BS chooses to exploit the presence of the UEs that received
the content from it correctly, the network is likely to gain assuming that these UEs
are not constrained by their residual battery energy. For the work in this chapter of
the thesis, exploiting the availability of such potential relay UEs is the focus.
In considering multicast D2D communication, this work differs from most work
in the literature in that the interference channel between clusters is modelled as
uncertain. In multicast communication, cluster or group heads may acquire knowledge
of the channels between them and cluster members but perfect knowledge of the
interfering channels may be difficult to acquire. Hence in the work in this chapter,
the interference channel is modelled as uncertain. The uncertainty in the interference
channel is modelled as deterministic and probabilistic. The system set-up for the work
in this chapter is shown in Fig. 5.1. By considering uncertainty in the inter-cluster
interference channel, our system model is unique.
Given the aforementioned, the associated equations are derived. Consider that
for the discussed system model, the BS clusters UEs in its coverage area into k
groups {k1, k2, ..kK}. The signal-to-interference plus noise (SINR) for group D2D
communication experienced at a receiver w in the kth group can be rendered as:
γk,w =
Pk,wgk,wd
−αd
k,w
Pc,wgc,wd−αcc,w +
∑
k′ 6=k Pk′ ,wgk′ ,wd
−αd
k′ ,w + σw
∀k ∈ K, ∀w ∈ W. (5.1)
In equation (5.1), the transmit powers are given by Pk,w, Pc,w and Pk′ ,w where
the transmit power of the kth group transmitter/cluster head is given by Pk,w, the
transmit power of the cellular UE sharing a channel with a D2D UE w is denoted
as Pc,w implying cellular interference to w. Pk′ ,w is the transmit power of the D2D
transmitter in group k
′
that causes interference to the D2D receiver w in group k.
The channel gains are given by gk,w, gc,w and gk′ ,w where gk,w denotes the link gain
from D2D transmitter in group k to the D2D receiver w, gc,w is the channel gain of
the link between an interfering cellular UE and the D2D UE w. Furthermore the link
gain of the link between the D2D transmitter in group k
′
and the D2D receiver w
in group k is denoted gk′ ,w. dk,w is the distance between the kth group’s transmitter
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Figure 5.1: D2D group communication set up
and the wth receiver, dc,w is the distance between an interfering cellular transmitter
and the wth receiver whereas dk′ ,w is the distance between the transmitter of a nearby
group. Meanwhile αc is the path loss exponent for the cellular link whereas αd is the
path loss exponent for the D2D link. Using the approach of separating the distance
and the channel gain is to allow us demonstrate the effect of distance on the set-up’s
performance. In equation (5.1), σw denotes the noise power of the additive AWGN
at the D2D receiver w.
Since in multicast communication, the transmission rate depends on the UE ex-
periencing the worst channel condition the transmission data rate (bps/Hz) of the kth
D2D group can be expressed as:
rk = log2(1 +minw∈Wk(γk,w)), (5.2)
Hence for the kth group, if there are M members, the aggregate D2D transmission
rate for the kth group is given by,
Rk = Mrk, (5.3)
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5.3 Channel Uncertainty Model
In this section of this chapter’s work, perfect knowledge of the channel between D2D
UEs within a group/cluster and the group transmitter is assumed. The uncertainty
which is studied is in the interference channel between D2D transmitter of the kth
group and any neighbouring group. This implies that the D2D transmitter of a given
group k does not have perfect knowledge of the inter-cluster interfering channel.
To model the uncertainty in the interfering channel we adopt a deterministic
representation as in [120] and [121] such that for a channel between the D2D re-
transmitter in group k and the receivers in group k
′
, the channel is modelled as
the sum of the channel estimate ĥk,k′ and the estimation error, 4hk,k′ (i.e. hk,k′ =
ĥk,k′ +4hk,k′ ). Hence the channel gain, (g = |h|2) when channel uncertainty from
estimation errors is considered can be expressed as:
gk,k′ = (ĥk,k′ +4hk,k′ )(ĥk,k′ +4hk,k′ )∗ (5.4)
gk,k′ = ĥk,k′ ĥ
∗
k,k′ + 2<(ĥk,k′ 4 h∗k,k′ ) +4hk,k′ 4 h∗k,k′ (5.5)
In equation (5.5), denote ĥk,k′ ĥ
∗
k,k′ as the channel gain estimate, ĥk,k′4h∗k,k′ +4hk,k′4
h∗
k,k′ as the estimation uncertainty. <(·) points to the real part of (·). Considering
the maximum absolute uncertainty, the channel gain set then becomes [122]:
gk,k′ ∈ L = {ĝk,k′ + uδmaxk,w,k′ ||u|≤ 1}, (5.6)
where L is a line segment on the middle of which lies the channel estimate, ĝk,k′ and
δmax
k,w,k
′ = 2<|(ĥk,k′ 4 h∗k,k′ )|+4 hk,k′ 4 h∗k,k′ . L is the uncertainty region for gk,k′ .
During the transmission of a signal say xk,w to a D2D destination, w, a member
of a nearby D2D group k
′
with separation dk,k′ from the transmitter of group k
experiences interference. This interference term can be expressed as:
yk,k′ =
√
Pk,wd
−αd/2
k,k′ hk,k′xk,w, (5.7)
5.4 Problem Formulation
The focus of the work in this chapter is to optimize D2D multicast communication
in the light of power constraints, interference constraints and factored in channel
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uncertainties. Hence the problem formulation is rendered as:
maxPk,w
K∑
k=1
Rk (5.8a)
subject to:
C1 : Pk,w ≤ Pmax,∀k ∈ K (5.8b)
C2 : d
−αd
k,k′ gk,w,k′Pk,w ≤ Ith,∀k ∈ K (5.8c)
C3 : Pk,w ≥ 0,∀k ∈ K (5.8d)
In equation (5.8), constraints C1 and C3 are transmit power constraints that re-
strict the transmit power of the cluster head within allowable limits. C3 limits the
interference caused by the kth group head. The robust equivalent of equation (5.8)
using worst-case optimization can be rendered as:
maxPk,w
K∑
k=1
Rk (5.9a)
subject to:
C1 : Pk,w ≤ Pmax,∀k ∈ K (5.9b)
C2 : Pk,w ≤ Ith
d−αd
k,k′ (ĝk,w,k′ + |δmaxk,w,k′ |)
, ∀k ∈ K, ∀gk,w,k′ ∈ L, (5.9c)
C3 : Pk,w ≥ 0,∀k ∈ K (5.9d)
The constraint C2 for a unit distance can be re-expressed as Pk,wĝk,w,k′ +4(P )
where4(P ) is given by Pk,w(gk,w,k′−ĝk,w,k′ ) and4(P ) is called the protection function
for the constraint C2. The protection function approach is an alternative approach
to the uncertainty region approach and is adopted by other researchers [123].
An alternative approach to formulating the optimization problem is to craft it
as a transmit power minimization problem in a way that the objective function in
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equation (5.8) is integrated into the constraints thus:
minPk,w
K∑
k=1
Pk,w (5.10a)
subject to:
C1 : Rk ≥ Rth,∀k ∈ K (5.10b)
C2 : Pk,w ≤ Pmax, ∀k ∈ K (5.10c)
C3 : d
−αd
k,k′ gk,w,k′Pk,w ≤ Ith,∀k ∈ K (5.10d)
C4 : Pk,w ≥ 0,∀k ∈ K (5.10e)
As an extension to the uncertainty models of chapters 3 and 4, this chapter considers
the probabilistic approach whereby constraint C2 is replaced with a probabilistic
constraint. If the probability of meeting the constraint is kept within some threshold
ξ, then:
Pr(d−α
k,k′gk,w,k′Pk,w ≤ Ith) ≥ ξ ∀k ∈ K, (5.11)
The expression in equation (5.11) shows a non-deterministic control of the inter-
cluster interference within a known level [124]. The inequality within brackets in
equation (5.11) can come across as the cumulative distribution function (cdf) of an
exponential function taken at Ith. In this case the channel gain, gk,w,k′ has an expo-
nential distribution given that for the work in this thesis, channel fading is a random
variable. And so equation (5.11) becomes:
1− e
−
Ithλ
d−α
k,k′Pk,w ≥ ξ, (5.12)
where in equation (5.12) the parameter of the channel gain term gk,w,k′ is given by λ.
After some basic manipulation,
Pk,w ≤
Ithλd
α
k,k′
−[ln(1− ξ)] (5.13)
Hence the optimization problem formulated with a probabilistic constraint is given
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by:
maxPk,w
K∑
k=1
Rk (5.14a)
subject to:
C1 : Pk,w ≤ Pmax,∀k ∈ K (5.14b)
C2 : Pk,w ≤
Ithλd
α
k,k′
−[ln(1− ξ)] ,∀k ∈ K, (5.14c)
C3 : Pk,w ≥ 0, ∀k ∈ K (5.14d)
The formulated problem in equation (5.14) is convex and its convexity is proven in
Appendix 2. Therefore it can be solved in a tractable fashion using available solvers
like the one put forward in [125]. Formulating D2D clustering as in (5.14) is unique
to the work in this thesis.
5.4.1 Group Formation
Having formulated the optimization problem that was constructed as a rate maxi-
mization problem with transmit power and inter-cluster interference constraint, the
group formulation/ clustering algorithm is discussed. Also, the proposed cluster head
selection technique is also explained. Grouping UEs in clusters requires a parameter
common to the UEs. For the work in this chapter, grouping the UEs in clusters
is performed centrally by the BS and it is based on the distance of UEs from one
another.
The BS employs the k-means clustering algorithm to group UEs for multicast
communication. The choice of k-means is due to the lower complexity of the algo-
rithm. In k-means clustering, points are grouped based on their distances from a
calculated centroid. The choice of using the distance as a metric for clustering UEs
can be argued form the stance that for popular video content, for example, there is a
likelihood of UEs being in close proximity like in a stadium where viewers may want
to view a replay.
It also selects the UE that serves as the cluster head or the transmitter for each
of the created groups. In selecting the group transmitter, the BS uses proximity to
the centroid of the created cluster. This centrality of the selected transmitter affords
needed cluster coverage. Although k-means clustering is an established approach,
selecting the group transmitter based on proximity to the centre of a cluster of D2D
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users is unique to the work in this thesis, to the best of our knowledge. The algorithm
for the cluster formation and transmitter selection is given in Algorithm 3.
Algorithm 3 Clustering and group transmitter selection
Input dx, dy, k (D2D UEs positions)
for ∀d ∈ D do
[ix, cx] = kmeans(dx, dy, k)
kk = [dx(ix), dy(ix)] : D2D groups
dk =
√
k2k − cx2k : distance of UEs from group centroids
txk = min(dk) : assign group transmitter
end for
output D2D groups and group transmitters
.
Table 5.1: Simulation Parameters
Noise Power -174dBm
Max. D2D groups 3
Transmit power of cellular devices 23 dBm
Radius of clusters 20 - 60 m
D2D transmit power -5 - 25 dBm
Path loss exponent(αc) 2
Cell radius 500 m
Path loss exponent(αd) 3
UE distribution Uniform
Interference threshold probability 0.1 - 0.9
5.5 Results Analysis
Since the formulated problems (5.10) and (5.14) are non-concave, they can be solved
using a convex solver like cvx [125]. The results from the solution are discussed in
this section of the chapter. In Table (5.1), some of the parameters used for simulation
are given and in Figures 5.2 - 5.6 the results are shown.
In Fig. 5.2, the D2D group transmission rate is plotted for a range of channel
uncertainty values. The channel values is varied from (10−5 − 100). Cases of three
clusters are considered i.e. k = 1, 2, 3. The pattern of the plots shows that between
(10−5−10−3) of added channel uncertainty values, the transmission rate stays steady
remaining constant. This goes to show that for negligible or unconsidered uncertainty
in a network, there is no perturbation in the obtained data rate.
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Figure 5.2: D2D data rate versus Channel uncertainty
Between the (10−3−100), there is degradation in the transmission rate obtainable
from D2D group communication for k = 2 and k = 3. Unlike the cases of k = 2 and
k = 3, for the single cluster case (k = 1), the data rate remains constant. Since for
a single cluster multicast communication case, the inter-cluster interference channel
(where channel uncertainty is factored in for the work in this chapter) is non-existent,
the data rate stays constant.
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Figure 5.3: D2D data rate versus Interference threshold probability (ξ)
Figure 5.2 also shows that there is an increase in group transmission rate as the
number of multicast clusters is increased from 1 to 3. Specifically when the number of
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clusters is increased from 2 to 3, there is a 29 % increase in the D2D group transmission
rate. This shows the gain of enabling group communication.
The performance of group transmission rate for a range of interference threshold
probability values (ξ) is shown in Figure 5.3. Again having more clusters in a cell offers
increased D2D transmission rate. Increasing the interference probability threshold has
adverse effect on obtainable data rate in D2D group communication given the descent
in the k = 2 and k = 3 plots as the value of ξ is varied from 0.1 to 0.9. As in Figure
5.2, the single cluster case is non-responsive to variations in the values of ξ and so for
the remaining figures, the k = 1 case is dropped. The plots in Figure 5.3 indicates
that the higher the probability of breaking the interference constraint, the less the
data rate that is obtainable. This can give insight for practical implementation of
D2D group communication, by providing a guide on choice of interference thresholds.
Figure 5.4 considers what happens when Ith is varied from -5 to 10 dBm and
demonstrates that increasing the inter-cluster interference threshold improves the
data rate performance of both 2-cluster and 3-cluster cases. For this figure as in
the previous two, the diameter of the clusters is maintained at 50 m. The channel
uncertainty is fixed at 0.01. The improvement of data rate as the interference thresh-
old increases although advantageous masks the deteriorating effect of uncontrolled
interference. But in combination with the interference threshold probability, a meet-
ing point can be reached where levels of inter-cluster interference are tolerable with
meaningful data rate improvement.
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Figure 5.4: D2D data rate versus interference threshold
Although the gain of clustering has been shown so far in the plots of Figures
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5.2 - 5.4, the effect of the size of clusters is also worth considering. The diameter
of each cluster delineates the boundaries within which devices are distributed. In
figure 5.5, D2D group transmission rate is plotted against the D2D group diameter.
The diameter is varied from 20 m to 60 m for constant interference threshold (0
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Figure 5.5: D2D data rate versus D2D group diameter
dB) and estimation error (0.01). The plots show that although having more clusters
is beneficial, there is a drop in performance as the size of the clusters is increased
beyond 30 m. This implies that arbitrarily increasing the size of clusters can have
an adverse effect on the achievable data rate of group communication as in [126].
For further work, the trade-off between cluster size, number of groups can can be
exploited further to include other performance metrics such as energy efficiency or
outage probability.
The effect of increasing the maximum D2D transmit power is shown in Figure 5.6.
Expectedly allowing devices to transmit at higher power increased the data rate of
group communication. This is seen for both the k = 2 and k = 3 cases. Also the
three cluster case results in higher group transmission rate than the two cluster case.
Being that future wireless communication systems are required to be energy efficient,
trade-offs between achievable data rate of group transmission and the interference to
neighbouring groups from increased transmit power needs be established.
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Figure 5.6: D2D data rate versus maximum transmit power
5.6 D2D Multicast Beamforming
In this section, we extend the work to consider a case where the D2D group trans-
mitters or group heads have more than one antenna (Ntx > 1) whereas the D2D
group members have just one receive antennas (Nrx = 1). For this case, the set-up
becomes a MISO multicast scenario. A practical use case is where the relay or group
transmitter is a drone mounted transceiver or a vehicle mounted transceiver deployed
to a disaster area to broadcast discovery messages. The set up is as shown in Fig.
5.7. The problem can be formulated as a MISO beamforming problem subject to rate
threshold, power and interference constraints.
Figure 5.7: MISO system set-up
It can also be formulated as a rate maximization problem for group communica-
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tion. Denote the received signal at the wth receiver in the kth group as:
yk = h
H
k x+ nk, (5.15)
where hHk is the complex channel vector between the group transmitter and a rep-
resentative receiver in the kth group, nk is the additive white Gaussian noise that is
circularly symmetric complex Gaussian variable with distribution nk ∼ CN(0, σ2k). To
lessen notation ambiguity, single lettered subscripts are adopted in this section. Note
that in equation (5.15),
x = fs, (5.16)
where f is the beamforming vector that the group transmitter applies to the trans-
mitted symbol, s. Therefore the SNR at the wth receiver in the kth group can be
expressed as:
SNR =
|hHf |2
σ2k
, (5.17)
where (H) is the Hermitian transpose. If inter-cluster interference experienced by the
groups is considered, the SINR can then be expressed as:
SINR =
|hHf |2
Pi + σ2k
, (5.18)
where Pi is the interference experienced by a member of the kth group. For a 2 cluster
case as shown in Fig. 5.7, the interference caused by the kth group transmitter (in
this case RUE1) to a UE (DUE2) in a nearby group can be rendered as:
|gHf |2, (5.19)
where g is the interfering channel between RUE1 transmitter and DUE2.
5.7 D2D Multicast Beamforming without Channel
Uncertainty
To provide a background, a MISO D2D multicast communication is considered with-
out channel estimation errors. That is it is assumed that the D2D group transmitter
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has perfect knowledge of the inter-cluster interference channel. The transmit beam-
forming optimization problem can be formulated as:
min
f
(|hHf |2) (5.20a)
subject to:
C1 :
|hHf |2
Pi + σ2k
≥ γth,∀k ∈ K (5.20b)
C2 : |gHf |2≤ Ith,∀l ∈ L (5.20c)
C3 : ‖f‖2≤ PT ,∀k ∈ K, (5.20d)
where γth is the target SINR of the kth group receiver and Ith is the inter-cluster
interference threshold of a receiver in a neighbouring group. PT is the maximum
allowable transmit power. If semi-definite relaxation is applied to the non-robust
beamforming problem in equation (5.20), it becomes convex and available solvers
like CVX [125] can be employed to solve it efficiently. In practical applications,
the availability of perfect CSI may not be guaranteed hence the analysis of robust
multicast beamforming for D2D communication.
5.8 Robust D2D Multicast Beamforming
In practical deployment of D2D multicast communication, a cluster head or group
transmitter may not have perfect knowledge of the inter-cluster interfering channel.
This is so because the wireless channel is not static with respect to time. To capture
such reality, channel estimation errors can be introduced into the interfering channel
in additive format. In this section, the work in section 5.1 is extended to consider
the case where not only the channel between a D2D group head and a receiver in
a neighbouring group is uncertain but also the channel between the receiver in a
considered group and the transmitter in the same group is also uncertain.
Hence taking into consideration the presence of channel estimation errors, the
considered channels in the setup in Fig. (5.7) can be framed as:
h = ĥ+ δh, (5.21)
g = ĥ+ δg, (5.22)
where δh and δg are channel estimation errors for the channel estimates ĥ and ĝ
respectively. This can be viewed as the measured channel being in the region of the
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estimated channel. Therefore the robust D2D multicast beamforming problem can
be framed as:
min
f
min
‖δh‖≤ξ
|(hˆ+ δh)Hf |2 (5.23a)
subject to:
C1 : min‖δh‖≤ξ
|(hˆ+ δh)Hf |2
Pi + σ2k
≥ γth,∀‖δh‖≤ ξ (5.23b)
C2 : max‖δg‖≤ξ
|(gˆ + δg)Hf |2≤ Ith, ∀‖δg‖≤ ξ (5.23c)
C3 : ‖f‖2≤ PT , (5.23d)
where ξ is the boundary of the region of uncertainty. The formulated optimization
problem in equation (5.23) unlike its non-robust counterpart in equation (5.20)[af-
ter semi-definite relaxation] is not convex and so requires some relaxation to allow
tractable solution. The problem in equation(5.23) has a structure not far from
the problem (14) in [127] and so can be implied to be not tractable due to its
quadratic constrained nature. To solve the problem in a tractable fashion, it is first
re-formulated using the approach outlined in [127] as a convex semi-definite program-
ming problem.
The constraint (C1) and the objective function both contain a similar expression
(hˆ + δh)
Hf , therefore the result from simplifying one of them can be used for the
other.
From the triangle inequality, it is known that for any two vectors a and b,
|a+ b|≤ ‖a‖+‖b‖ (5.24)
and implies that |a + b|≥ ‖a‖−‖b‖. Applying the same concept to the function (hˆ +
δh)
Hf gives;
|(hˆ+ δh)Hf |≥ |hˆHf |−|δHh f | (5.25)
According to the Cauchy–Schwarz inequality, for two arbitrary vectors a and b,
|〈a, b〉|≤ ‖a‖‖b‖ (5.26)
Going by that same reasoning and given that ‖δh‖≤ ξ, then |δHh f |≤ ξ‖f‖. Hence
equation (5.25) becomes:
|(hˆ+ δh)Hf |≥ |hˆHf |−ξ‖f‖ (5.27)
Since the formulated problem in equation (5.23) is a minimization problem, a lower
limit to the transmit power constraint can be introduced without losing the structure
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of the problem. In this case, we introduce a lower limit to the transmit power, i.e.
‖f‖2≥ Pmin where Pmin is the lower limit of the allowable transmit power. This is
practical so that the optimal transmit power is in a region that allows for reliable
transmission. Being that the optimal solution of the problem in equation (5.23) is in
the region of the lower limit of the allowable transmit power (Pmin), and for a global
minimum, the optimal transmit power can be equated to Pmin, (i.e. ‖f‖2= Pmin)
therefore:
|(hˆ+ δh)Hf |≥ |hˆHf |−ξ
√
Pmin (5.28)
For small values of the channel uncertainty, the inequality can give way to equality
[127]. Hence the objective function can be refashioned as:
min
‖δh‖≤ξ
|(hˆ+ δh)Hf |2= ||hˆHf |−ξ
√
Pmin|2. (5.29)
Similarly for constraints C1 and C2, a reformulation will result in:
|hˆHf |−ξ
√
Pmin ≥
√
γth(Pi + σ2k) (5.30)
and
|gˆHf |−ξ
√
Pmin ≤
√
Ith (5.31)
respectively. Thus by replacing constraints C1 and C2 with the expressions in equa-
tions (5.30 and 5.31) respectively, the robust beamforming optimization problem can
be presented as:
min
f
|hˆHf |2 (5.32a)
subject to:
C1 : |hˆHf |2≥ (
√
γth(Pi + σ2k) + ξ
√
Pmin)
2 (5.32b)
C2 : |gˆHf |2≤ (
√
Ith + ξ
√
Pmin)
2 (5.32c)
C3 : Pmin ≤ ‖f‖2≤ PT , (5.32d)
Moreover, the semi-definite relaxation approach can be used to modify the problem
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in equation (5.32) to give:
min
F0
Tr(HˆF ) (5.33a)
subject to:
C1 : Tr(HˆF ) ≥ (
√
γth(Pi + σ2k) + ξ
√
Pmin)
2 (5.33b)
C2 : Tr(GˆF ) ≤ (
√
Ith + ξ
√
Pmin)
2 (5.33c)
C3 : Pmin ≤ Tr(F ) ≤ PT , (5.33d)
C4 : Rank(F ) = 1 (5.33e)
The presence of the rank constraint (C4) is indicative that the problem is non convex
and to enforce convexity, constraint C4 is eliminated. In equation (5.33), Hˆ = hˆ
H hˆ
and Gˆ = gˆH gˆ. In so doing a robust beamforming optimization problem subject to
power, interference and SINR constraints has been formulated.
5.9 Analysis of results
The results of solving the problem formulated in equation (5.33) are discussed in
this section. The performance metrics used is the total transmit power for a range
of variables that includes maximum allowable transmit power, minimum allowable
transmit power, interference threshold and target SINR. To keep the system model
simple we have considered two clusters in this analysis although the approach can be
generalised to include more clusters than two. Simulation parameters are given in
Table 5.2.
Table 5.2: Simulation Parameters
Noise Power -174dBm
Maximum D2D groups 2
D2D transmit power -5 - 18 dBm
Target SINR(γth) 0 - 25 dBm
UE distribution Uniform
Interference threshold 8 - 14 dBm
In Fig. 5.8, the multicast transmit power is plotted for a range of target SINR
(γth) of cluster one. γth is varied from 0 - 25 dBm. The maximum transmit power
(Pmax) is maintained at 23 dBm and the minimum transmit power is also maintained
at 0 dBm. The variance of the AWGN at the receiver is fixed at -174 dBm. Moreover
the number of antennas at the transmitter (Ntx) = 6. From the plots in Fig. 5.8, it
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can be seen that as γth is increased, the transmit power of the cluster head increases.
That is the cluster head increases its transmit power to meet the SINR target. This
pattern is not different from the pattern in the result discussion in [127] and [113].
Furthermore, the effect of imperfect CSI is seen in that as the error from imperfect
CSI increases, the transmitter increases its transmit power to meet the target γth.
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Figure 5.8: Transmit power (dBm) vs. target SINR (γth)
In Fig. 5.9, the performance of the transmit power is investigated for a range of
interference threshold values, Ith (dBm). For this figure, the number of transmitter
antennas (Ntx) = 6, target SINR (γth) = 0 dBm and as in Fig. 5.8, Pmin = 0 dBm and
Pmax = 23 dBm. The figure shows that the transmit power increases with increasing
set interference threshold for the interference threshold range considered.
Plots of the transmit power of a group head against the maximum allowable
transmit power are shown in Fig. 5.10. This applies directly to one half of the
constraint C4 in the formulated problem in equation (5.33). The pattern of the curve
points to increasing transmit power as the transmit power limit is raised. This increase
is more noticeable between 16 dBm and 18 dBm. For this figure, the γth = 0 and the
lower limit of allowable transmit power (Pmin) is 0 dBm. Again the pattern of the
curves indicates that when the interference threshold is increased, the cluster head
increases its transmit power.
Similar to the plots in Fig. 5.10, Fig. 5.11 shows the performance of the transmit
power for a range of Pmin values and is related to the constraint C3 in equation (5.33).
The general trajectory of the plots is that of an increase in transmit power and for
lower (Pmin) values, the transmit power is similarly low. As in Figs. 5.8 - Fig. 5.11,
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Figure 5.9: Transmit power (dB) vs. interference threshold (γth)
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Figure 5.10: Transmit power vs maximum transmit power (Pmax)
the effect of errors due to imperfect CSI is demonstrated. Higher values of CSI errors
(ξ) in the channel results in higher transmit power to curb the effect of such errors.
This can provide insight on the design of adaptable transmit power transmission for
D2D communication that adjusts to channel uncertainty levels to maintain desired
transmission rate.
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Figure 5.11: Transmit power vs minimum transmit power (Pmax)
5.10 Formulated Robust Problem with Probabilis-
tic Constraint
In this subsection, a case of probabilistic constraint is considered in which the con-
straint C2 in equation (5.33) is replaced by a probability term. The constraint C2
ensures that the interference caused by a transmitter to a nearby multicast group is
not higher than a protection function (Ith). This protection function can be replaced
by a probability threshold η such that in equation (5.33), constraint C3 becomes:
Pr
(
|gˆHf |2≥ (
√
Ith + ξ
√
Pmin)
2
)
≤ η (5.34)
Since the channel in wireless communication is often modelled as a normally dis-
tributed random variable, its variance can be considered to be exponentially dis-
tributed. Hence |gˆH |2 can be inferred to be an exponential function. Equation (5.34)
can be re-expressed such that the inequality ( ≥) on the left hand side (LHS) of
equation (5.34) is replaced with a ≤ thus:
1− Pr
(
|gˆH |2≤ (
√
Ith + ξ
√
Pmin)
2
|f |2
)
≤ η (5.35)
The term Pr
(
|gˆH |2≤ (
√
Ith + ξ
√
Pmin)
2
|f |2
)
can be viewed as the cumulative distribu-
tion function of |gˆH |2. If the mean of an exponentially distributed, x function is given
by 1/λ where λ is the parameter of the exponentially distributed function, then the
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CDF of x is given by 1– exp−tλ. Applying the same reasoning to equation (5.35), it
becomes:
1− exp−βλ ≤ η, (5.36)
where β is
(
√
Ith + ξ
√
Pmin)
2
|f |2 . Hence equation (5.36) reduces to:
exp−βλ ≤ η. (5.37)
Applying the approximation that for βλ  1 , exp−βλ = 1 − βλ. Substituting the
expression for β into equation (5.37) will result in:
1− (
√
Ith + ξ
√
Pmin)
2λ
|f |2 ≤ η (5.38)
Where the mean 1/λ ≈ |gˆH |2, then the constraint becomes,
|gˆHf |2≥ −(
√
Ith + ξ
√
Pmin)
2
η − 1 (5.39)
The robust beamforming problem with a probabilistic constraint can then be ex-
pressed as:
min
F0
Tr(HˆF ) (5.40a)
subject to:
C1 : Tr(HˆF ) ≥ (
√
γth(Pi + σ2k) + ξ
√
Pmin)
2 (5.40b)
C2 : Tr(GˆF ) ≥ −(
√
Ith + ξ
√
Pmin)
2
η − 1 (5.40c)
C3 : Pmin ≤ Tr(F ) ≤ PT , (5.40d)
In Fig. 5.12, the transmit power is plotted against target SINR. The optimization
problem with probabilistic constraint is compared to the deterministic constrained
problem. For the plots in this figure, the Pmin = 0 dBm , the target interference (Ith)
= - 0.5 dBm and η = 0.01. The pattern of the plots shows increasing transmit power
as the target SINR increases. Moreover, the probabilistic constrained problem is a
good approximation of the deterministic approach since for the range of target SINR
studied (0 - 25 dBm), the performance of both approaches are indistinguishable as
the figure reveals.
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Figure 5.12: Transmit power vs target SINR (γth)
5.11 Conclusion
In this chapter, D2D multicast communication has been studied and the results anal-
ysed. A clustering algorithm namely the k-means clustering algorithm was used
to segment the D2D UEs into groups. Deterministic and probabilistic channel un-
certainty models were used for inter-cluster interference. The robust D2D group
communication problem was formulated and the performance analysed through sim-
ulation. Channel uncertainty consideration gives a more realistic performance mea-
sure for D2D multicast communication than otherwise. The effect of the interference
threshold and D2D dimension was also demonstrated. Through discussed results, the
dependence of data rate on channel uncertainty was shown using deterministic and
probabilistic channel uncertainty models.
The results show that increasing data rate can be obtained through having more
D2D groups although increasing the D2D dimensions arbitrarily in an unrestrained
manner deteriorates the data rate of D2D group communication.
Furthermore, the D2D multicast problem was extended to consider the case of
having more than one antenna at the group transmitter. The problem transitions
into a beamforming problem for which optimization problems were formulated. A
non-robust problem was formulated and a robust beamforming alternative was derived
using the triangle inequality and the Cauchy-Schwarz inequality. Moreover, to enforce
convexity, semi-definite relaxation was used and the problem made solvable.
The results show that an increase in threshold parameters such as target SINR,
102
target interference, allowable transmit power limits (both upper and lower) affects
the resulting transmit power of the multicast transmitter. D2D communication can
underlay a massive MIMO cellular network, and insight into such case is given in
Appendix 3.
In chapters three and four, relay selection algorithms were proposed for relay aided
D2D communication. The transmit power of the UEs were fixed for both D2D UEs
and RUEs. In the next chapter, instead of allowing fixed transmit power, a case of
allocating the transmit power to UEs is considered. This becomes necessary to limit
interference to nearby UEs. Hence in the next chapter, a joint power allocation and
relay selection problem is considered. Furthermore, in furtherance to the RUE centric
nature of the work in this thesis, the next chapter proposes a social distance based
and a relay utility based relay UE selection algorithms.
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Chapter 6
Joint Power Control and Relay
Selection in D2D Communication
with Channel Uncertainty
6.1 Introduction
In this chapter, the joint problem of power control and relay selection is studied. The
problem is formulated and approaches are proposed. The results of using the pro-
posed approaches are also discussed. Since underlay D2D communication re-uses the
resources of the cellular tier of the network, it is suitable to have power control tech-
niques to limit the transmit power of D2D transmitters and relay UEs (RUEs) from
exceeding the allowable power range. In so doing interference towards the cellular
communication tier can be reduced.
The work in this chapter proposes a social distance based relay selection algorithm
and a relay utility based selection algorithm. Being that relay aided D2D communi-
cation using mobile relays involves a device user allowing scarce resources to be used
to assist the communication of neighbouring devices, a way to motivate the participa-
tion of relay UE holders is necessary. Exploiting social distance between source UEs
and potential RUEs can motivate the participation of RUEs in D2D communication.
This is so since users of devices are self-interested and would more likely assist those
with whom they share some social connection.
Similarly, where relay selection maximizes a RUE defined utility function (Ur),
device users can be motivated to serve as relays. The utility function used for this
work is a function of relay UEs transmit power (Pr) and so directly depends on the
power expenditure of a RUE.
For the work in this chapter, DF relaying is used at the selected relay UE and
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full duplex communication is considered. The joint problem is formulated as a sum
power minimization problem that is segmented into two subproblems: power control
and relay selection.
The power control sub-problem is fashioned as a total power minimization problem
subject to given SINR and power constraints. To solve the optimization problem, a
convex solver, CVX [125] is used to obtain the optimal values of the transmit power
of the D2D transmitter (Pt) and the transmit power for the selected RUE (Pr).
For the relay selection sub-problem, a bipartite graph is used to model this prob-
lem. Modelling the problem as a bipartite graph reduces it to a one-to-one matching
between RUEs and D2D pairs.
To solve the modelled problem, a social distance based (SDB) and relay utility-
based (RUB) algorithms are proposed and their performances evaluated. The unique-
ness of the work put forward in this chapter is employing the social distance between
the RUEs and D2D transmitters (and a relay defined utility) as the weights of the
edges of the bipartite graph. Furthermore, our formulation considers the effect of
channel uncertainty arising from channel estimation errors. Therefore in this chap-
ter, the contribution includes:
• Formulating an uncertainty-aware relay selection optimization problem for full
duplex D2D communication. This caters to the variations in the wireless chan-
nel. We use the partial uncertainty model in which the channel estimation
errors only exist in the interfering channels. This varies from a similar work in
[128] that considered a full channel uncertainty approach.
• Modelling the formulated problem as a bipartite graph. In so doing the modelled
problem is simplified to allow the application of an assignment or matching
algorithm.
• Proposing SDB and RUB selection algorithms based on the assignment algo-
rithm. Although social distance and relay utility approaches have been proposed
in the literature, employing Kuhn Munkres algorithm [129] for a social distance
and relay utility based selection algorithm to the best of our knowledge is unique
to our work.
• Demonstrating through simulations a near 10% reduction in total transmit
power in comparison to [79].
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Figure 6.1: Relay Assisted D2D Communication
6.2 Problem Formation
An isolated cell scenario having a base station (BS) at the centre of the cell is consid-
ered. For the work in this chapter, there is a set of cellular users C = {c1, c2, c3, ..., ci},
a set of D2D pairs D = {d1, d2, d3, ..., dj} and a set of idle UEs R = {r1, r2, r3, ..., rk}
that are candidates for relay selection. The UEs are uniformly distributed within
the cell. Each RUE is assumed to be enabled to carry out full duplex relaying. Full
duplex enabled UEs is a thriving research concept for future wireless communication
and so the possibility exists. The gains of full duplex communication over half duplex
communication have been highlighted in the literature to include improved speed of
transmission and when combined with other enabling technologies such as mmWave
and D2D communication, further gains can be achieved. For the work in this chapter,
full duplex D2D communication is considered. User and relay scheduling are not part
of the focus of this chapter.
The channels between devices in the cell are modelled using the distance-dependent
path loss model and incorporates both the large scale and small scale fading compo-
nents.
A D2D UE is assumed to have the capability to discover its pair through peer
discovery and the BS has knowledge of the channels between devices in the cell. Each
UE is equipped with a single antenna and the relay UEs are full duplex DF relay
UEs. The system set up is shown in Fig. 6.1.
Considering a two-time slot full duplex communication, the signal to interference
plus noise ratio (SINR) at a selected RUE is given by:
γsr =
Psrgsr
Ir +N1
, (6.1)
where the Psd is the transmit power of the D2D source, gsr is the channel gain of
the the source-relay channel with gsr =| hsrd−α/2sr |2. hsr is a random variable that
captures the small scale fading of the channel, the channel being a Rayleigh fading
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channel. dsr is the distance between the source UE and selected relay UE whereas α
is the path loss exponent. Since full duplex DF relaying is considered, Ir = PrdgLI
indicates the self-interference that a relay UE experiences and N1 is the variance of
the AWGN measured at the relay. The AWGN is modelled as circularly complex
Gaussian random variable (n v CN(0, N1)). Similar notation interpretation is used
for subsequent equations. The D2D receiver receives the signal that the relay UE
forwards and the SINR at the D2D receiver can be rendered as:
γrd =
Prdgrd
Id +N2
, (6.2)
where grd is the channel gain of the relay-destination link, Prd is the transmit power
of the relay UE towards the destination UE and N2 is the AWGN variance at the
destination UE. Id = Psrgsd is the interference that the destination experiences from
the D2D transmitter. From equations (6.1) and (6.2), the SINR of the relay link can
be expressed as:
γs,r,d = min(
Psrgsr
Ir +N1
,
Prdgrd
Id +N2
), (6.3)
and consequently the data rate of the relay aided communication or the mutual in-
formation of the full duplex two hop DF relay path is given by: [130],
Rr = Blog2(1 + γs,r,d), (6.4)
where B is the bandwidth of the communication system. In order to ensure that relay
assisted D2D communication is achieved and contributes interference that does not
limit cellular communication, the problem of relay selection is formulated as a power
minimisation problem thus:
minimize
Psr,Prd
(Psr + Prd) (6.5a)
subject to
C1 : Rr ≥ Rth, ∀d ∈ D, ∀r ∈ R (6.5b)
C2 : 0 ≤ Psr ≤ Pmd , ∀d ∈ D, ∀r ∈ R (6.5c)
C3 : 0 ≤ Prd ≤ Pmr , ∀r ∈ R, ∀d ∈ D (6.5d)
The constraint C1 in equation (6.5) is a QoS constraint that ensures that the
data rate of relay aided communication does not fall below the allowed threshold
(Rth) which is associated with the threshold SINR (γth). The second constraint C2
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is a power constraint for the D2D transmitter while C3 limits the transmit power of
selected relay UE. To ease the solving of the problem in equation (6.5), the constraint
in C1 can be further expressed as:
C1 :
Psrgsr
N1 + PrdgSI
≥ γth (6.6a)
C2 :
Psrhsr
N2 + Psrgsd
≥ γth (6.6b)
The ratio in the LHS of C1 and C2 can be further simplified to:
C1 : Psrgsr − γthPrdgSI ≥ γthN1,∀d ∈ D, ∀r ∈ R (6.7a)
C2 : Prdgrd − γthPsrgsd ≥ γthN2,∀d ∈ D, ∀r ∈ R (6.7b)
The simplification in equation (6.6) is not counter-intuitive being that in equation
(6.3), the γs,r,d could be either γsr or γrd. The problem formulation rendered in equa-
tions (6.5 - 6.6) applies when consideration of uncertainties in the communication
channels are not made. Such channel uncertainties could arise from channel estima-
tion errors as is the case in the work in this chapter or from quantization errors. For
this work, the effect of channel uncertainty is factored into our analysis.
When channel uncertainty is considered in the communication channels, the ren-
dering of equations (6.5 - 6.7) changes. For the work in this chapter, channel es-
timation error is modelled as an additive parameter to the channel estimate value;
i.e. if the channel coefficient of the channel between node i and j is given by y and
the channel estimate is given by yˆ, then the channel coefficient with added channel
estimation error can be denoted by y = yˆ+e where e as the channel estimation error.
Therefore the channel gain for that channel can be denoted as:
|y|2= (yˆ + e)(yˆ + e)∗, (6.8)
|y|2= yˆyˆ + yˆe∗ + yˆ∗ + ee∗, (6.9)
|y|2= aˆ+ ξ. (6.10)
In equation (6.10), the term aˆ = yˆyˆ∗ stands for the channel gain whereas ξ = yeˆ∗ +
yˆ∗e+ ee∗ captures the channel uncertainty. Note that the channel estimation error is
within a bounded region, i.e.
|y|2= yˆ + uξ | −1 ≤ u ≤ 1 (6.11)
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It can be implied that |y|2 is part of a line segment, L, i.e. g ∈ L. As in [117],
maximum channel estimation error scenario (such could arise from a moving relay
UE) is considered and that is captured using the worst case scenario approach, hence
channel gain becomes:
|y|2= yˆ + uξmax | −1 ≤ u ≤ 1 (6.12)
Therefore the earlier formulated optimization problem is reformulated as a robust
optimisation problem as it captures the channel uncertainty arising from channel
estimation errors thus:
minimize
Psr,Prd
(Psr + Prd) (6.13a)
subject to
C1 : Psrgsr − γthPrdgSI ≥ γthN1,∀d ∈ D, ∀r ∈ R (6.13b)
C2 : Prdgrd − γthPsrgsd ≥ γthN2,∀d ∈ D, ∀r ∈ R, ∀gsd ∈ Lsd (6.13c)
C3 : 0 ≤ Psr ≤ Pms , ∀d ∈ D, ∀r ∈ R (6.13d)
C4 : 0 ≤ Prd ≤ Pmr , ∀r ∈ R, ∀d ∈ D (6.13e)
To make for the threshold data rate, the infinum function is employed to constraint
C2:
inf{Prdgrd − γthPsrgsd} (6.14)
⇒ inf{Prdgrd} − inf{γthPsrgsd} (6.15)
⇒ Prdgrd − γthPsrinf{gˆsd + uξmaxsd|−1 ≤ u ≥ 1} (6.16)
⇒ Prdgrd − γthPsr(gˆsd − ξmaxsd) (6.17)
Replacing the left hand side of C2 with equation (6.12) and re-writing equation
(6.17) gives:
minimize
Psr,Prd
(Psr + Prd) (6.18a)
subject to
C1 : Psrgsr − γthPrdgSI ≥ γthN1 (6.18b)
C2 : Prdgrd − γthPsr(gˆsd − ξmaxsd) ≥ γthN2 ,∀gsd ∈ Lsd (6.18c)
C3 : 0 ≤ Psr ≤ Pmaxs ,∀d ∈ D, ∀r ∈ R (6.18d)
C4 : 0 ≤ Prd ≤ Pmaxr ,∀r ∈ R, ∀d ∈ D (6.18e)
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The problem in equation (6.18) is a power minimization problem subject to power
and QoS constraints. Solving the optimization problem does not necessarily solve
the relay selection problem for relay aided D2D communication. It rather results in
the optimal power levels for the D2D transmitter and the candidate relay UEs (i.e.
P ∗sr and P
∗
rd respectively). The problem in equation (6.18) is solvable and available
solvers like [125] can be employed to optimally solve the optimization problem. The
obtained optimal transmit power values are then employed for actual relay selection.
The relay selection problem is modelled as a bipartite graph that connects candi-
date relay UEs and D2D pairs. This representation can allow for the use of a matching
algorithm as a selection technique. Our modelling of relay aided D2D communication
as a bipartite graph is given in the next section.
6.3 Relay Aided D2D Communication as Bipartite
Graphs
Bipartite graphs allow the representation of problems using two disparate or disjoint
sets. These sets or vertices are composed of similar elements. The elements of one
set are connected to elements of the opposite set by edges. These edges that connect
elements of both sets are defined by their weights. For the work in this chapter, the
disjoint sets are the set of candidate relay UEs R = {r1, r2, r3, ..., rk} and the set of
D2D pairs D = {d1, d2, d3, ..., dj} as shown in Fig. 6.2.
Figure 6.2: A relay aided D2D communication bipartite graph
Modelling the relay assisted D2D communication a bipartite graph reduces the
relay selection problem to a matching problem. In this case a one-to-one matching
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between members of the relay set and members of the D2D pair set. A feature of
bipartite graphs is the edges that connect the vertices and these edges are defined by
their weights. Weights can be defined based on the relationship between the elements
of the opposite sets that the edges connect. For the work in this chapter, there are
two definitions of the weights of the edges of the modelled bipartite graph in Fig.
6.2. Firstly the weights of the edges are defined by the scaled transmit power of
the potential relay UEs (skjPr) where skj = {0, 1} is the social distance between the
kth relay UE and the jth source UE. This distance is a randomly generated variable
between 0 and 1. By so doing, the relationship between the potential relay UEs and
the source UE is exploited for relay selection. This approach makes the relay selection
not just D2D pair centric but also potential relay UE centric.
Secondly, the weights of the edges are also represented by a relay UE defined
utility function (Ur). Having a relay UE defined utility function ensures that the
relay is factored into the relay selection process. This approach caters to the self-
focused nature of users of mobile devices who need an incentive to motivate their
participation in relaying for other users.
Hence the proposed relay selection algorithms for the work in this chapter can be
viewed as relay centric selection algorithms.
In this chapter the algorithms that are considered are:
• Social distance based relay selection (SDB RS (KM)) and
• Relay utility based relays selection (RUB RS (KM))
6.4 Social Distance Based Relay Selection (SDB
RS (KM))
The SDB RS (KM) algorithm uses the social distance between RUEs and the source
UEs as the weight of the edges in the aforementioned bipartite graph and these weights
serve as the metric for selecting a suitable relay to assist D2D communication. This
approach is based on the assumption that users of devices are more motivated to
surrender their resources to assist other UEs that they have some level of social tie
to. Hence if the weight of the edge connecting a D2D pair and a RUE is less than
the weight of another edge, the latter is more likely to be selected than the former
RUE. The SDB RS(KM) primarily uses the capabilities of Kuhn Munkres (KM)
[129] assignment algorithm to appropriately match relay UE to D2D pair. Since
the assignment algorithm seeks for the least cost assignment while our work seeks to
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select relay UEs in a way that a higher benefit is offered to the relay whether by social
distance or relay utility; the KM algorithm is applied to the inverse of the function
(skjPr.). A detailed description of the SDB RS (KM) algorithm is given in Algorithm
4 where it is clearly laid out. .
Algorithm 4 Social distance based relay selection (SDB RS (KM))
1: Input parameters:
2: P rmax, P
s
max : maximum transmit power values,
3: hSI : relay self interference
4: hrd : relay-destination channel coefficient
5: hsd : source-destination channel coefficient
6: hsr : source-relay channel coefficient
7: skj : social distance matrix
8: dsr, dsd, drd : UE distances
9: J : number of D2D pairs
10: K : number of RUEs
11: Power control
12: for j = 1, 2, 3, ..., J do
13: for k = 1, 2, 3, .., K do
14: solve: minimize (Psr + Prd) s.t. C1 : C4
15: P ∗sr(j, k), P
∗
rd(j, k) = min (Psr + Prd)
16: output P ∗sr, P
∗
rd
17: Determine skj ∗ P ∗rd
18: output skj ∗ P ∗rd
19: end for
20: end for
21: Relay selection
22: [ai c] = KM(inverse(skj ∗ P ∗rd))
where KM is the Kuhn Munkres assignment algorithm,
23: ai is the assignment vector and c is the assignment cost.
24: ua = (find ai = 0) // find unassigned D2D pairs.
25: P ∗sr(ua, :) = [ ] // eliminate unassigned D2D pairs
26: ai(ai = 0) = [ ] // eliminate 0 terms in assignment vector
27: Let P Tsr = 0 // P
T
sr is the total source relay power
28: Let P Trd = 0 // P
T
rd is the total relay destination power
29: for n = 1 to length (ai) do
30: P Tsr = P
T
sr + P
∗
sr(n, ai(n))
31: P Trd = P
T
rd + P
∗
rd(n, ai(n))
32: end for
33: PT = P
T
sr + P
T
rd
34: output PT // total transmit power
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6.5 Relay Utility Based Relay Selection (RUB RS
(KM))
The other relay selection algorithm here proposed is the relay utility based relay
selection (RUB RS (KM)) algorithm. The RUB RS (KM) algorithm is based on a
relay defined utility function. In this algorithm, the relay participates in relay aided
D2D communication in a manner that optimizes its utility. Mathematically, the relay
defined utility (Ur) is defined as:
Ur = (q − c)× Pr (6.19)
where c is the cost of unit power that the RUE incurs for assisting in forwarding
information between a D2D pair, q is the unit power price that each relay imposes
on a D2D pair when that relay offers to assist in D2D communication and Pr is the
transmit power of the relay UE. Hence for the RUB RS(KM) algorithm, the relay
UEs seek to participate in relay aided D2D communication to improve their utility.
As an optimization problem, this can be expressed as:
maximize
q≥0
(Ur) (6.20)
The optimal utility value from solving the optimization problem in equation (6.20)
can be fed into the KM algorithm for suitable relay-D2D pair matching. Note that
as in SDB RS (KM), the inverse values of the weights due to the nature of the KM
algorithm. The detailed flow of the RUB RS (KM) is given in Algorithm 5.
.
Some of the parameters used for computer simulations that resulted in the plots
discussed in this chapter are given in Table 6.1.
Table 6.1: Simulation parameters
Parameter Value
Pms 23 dBm
Pmr 23 dBm
Noise power (N1, N2) -176 dBm/Hz
Maximum distance between nodes 500 m
Bandwidth (B) 1 MHz
Minimum data rate requirement 2 Mbps/Hz
D2D path loss exponent (α) 4
Shadowing standard deviation 12 dB
D2D path loss model 148 + 40 log10 (d [km]) [58]
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Algorithm 5 Relay utility based relay selection (RUB RS(KM))
1: Input parameters:
2: P rmax, P
s
max : maximum transmit power values,
3: hSI : relay self interference
4: hrd : relay-destination channel coefficient
5: hsd : source-destination channel coefficient
6: hsr : source-relay channel coefficient
7: skj : social distance matrix
8: dsr, dsd, drd : UE distances
9: J : number of D2D pairs
10: K : number of relay UEs
11: Power control
12: for j = 1, 2, 3, ..., J do
13: for k = 1, 2, 3, .., K do
14: solve: minimize (Psr + Prd) s.t. C1 : C4
15: P ∗sr(j, k), P
∗
rd(j, k) = min (Psr + Prd)
16: output P ∗sr, P
∗
rd
17:
18: solve: maximize {(q − c)× P ∗rd(j, k)} s.t. (q > 0)
19: output q, Ur
20: end for
21: end for
22: Relay selection
23: [ai c] = KM(inverse(Ur))
where KM is the Kuhn Munkres assignment algorithm,
24: ai is the assignment vector and c is the assignment cost.
25: ua = (find ai = 0) // find unassigned D2D pairs.
26: P ∗sr(ua, :) = [ ] // eliminate unassigned D2D pairs
27: ai(ai = 0) = [ ] // eliminate 0 terms in assignment vector
28:
29: Let P Tsr = 0 // P
T
sr is the total source relay power
30: Let P Trd = 0 // P
T
rd is the total relay destination power
31: for n = 1 to length (ai) do
32: P Tsr = P
T
sr + P
∗
sr(n, ai(n))
33: P Trd = P
T
rd + P
∗
rd(n, ai(n))
34: end for
35: PT = P
T
sr + P
T
rd
36: output PT // total transmit power
6.6 Results Discussion
The discussions of results from simulations are presented in this section. The results
for the SDB RS (KM) algorithm is first presented. To provide a background, the
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performances of the SDB RS (KM) algorithm with perfect channel conditions for a
range of relay UEs and loop interference values are considered. Then for a range
of D2D pairs, the SDB RS (KM) algorithm with imperfect channel conditions is
studied. For all these cases, the benchmark algorithm (SPB RS) considers perfect
channel conditions.
In Fig. 6.3, the total transmit power (that is the sum of the source transmit power
and relay transmit power) versus the number of relay UEs is plotted. Our proposed
algorithm is compared to the algorithm put forward in [79]. The proposed algorithm
is a social distance based relay selection algorithm (SDB RS(KM)). For the simulation
resulting in Fig. 6.3, the number of D2D pairs is fixed at 10, the data rate threshold
for D2D communication is maintained at 2 Mbps/Hz and the self-interference at the
RUE is fixed at -70 dB.
From the plots, it can be seen that when there are more available RUEs assisting
D2D pairs (with the number of D2D pairs ≥ number of relays), there is increased
total transmit power hence the trend in Fig. 6.3. The proposed SDB RS(KM)
algorithm offers considerable power saving over the SPB RS(KM) algorithm; the gap
in performance increasing as the number of RUEs increases. The performance gain is
up to 33 % in power savings at number of relays = 10. Unlike our proposed algorithm,
the SPB RS(KM) algorithm uses the source power of the D2D pair as the weight of
the edges of the bipartite graph.
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Figure 6.3: Total transmit power vs. number of relay (nr)
Since the work in this chapter considers full-duplex relaying, the effect of the
loop interference or self-interference at the relay UEs is worth studying. Fig. 6.4
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Figure 6.4: Total transmit power vs. self- interference (h˙LI)
shows the performance of the studied algorithms for a range of loop interference
values with a fixed number of relay UEs at 5 and D2D pairs at 10. Loop interference
at the relay UEs can deteriorate performance since the power expenditure for relay
aided D2D communication increases as the loop interference at RUEs increases. This
is observed for both SDB RS (KM) and SPB RS (KM) algorithms although the
proposed algorithm also offered power savings.
To offer more insight into the performance of the proposed algorithms, the total
transmit power is plotted against the number of D2D pairs (nd) in Fig. 6.5. The
number of D2D pairs for the simulations resulting in this figure is increased from 1 to
12 whereas the number of RUEs is fixed at 5. For this figure, we consider two cases
of the SDB RS (KM) algorithm namely the case where the channel uncertainty, ξ =
0 and where the channel uncertainty is ξ = 0.08. The trend of the result indicates an
increase in total transmit power as more D2D pairs are considered in the simulation.
It is seen from Fig. 6.5 that the SDB RS(KM) results in lower total transmit power
when compared to SPB RS (KM) algorithm, thereby offering a power saving of up
to 10 % when there are 9 D2D pairs and up to 30 % total power saving for 12
D2D pairs. The observed total transmit power saving increases as the number of
D2D pairs increases. The pattern of increasing total transmit power with increase
in D2D pairs is indicative of more devices transmitting and so contributing to the
total transmit power. Moreover, for a high number of participating D2D pairs, the
channel uncertainty aware proposed algorithm (SDB RS (KM)+ U) also resulted in
less total transmit power in comparison with the benchmark algorithm. This goes to
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show that for low values of channel uncertainty error, our proposed algorithm offers
some power saving when more D2D devices participate in D2D communication.
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Figure 6.6: Relay utility (Ur) vs number of relays (nr)
In Fig. 6.6, the relay utility (Ur) is plotted against the number of RUEs (nr). The
proposed RUB RS (KM) algorithm is compared to SPB RS(KM). For the proposed
RUB RS (KM) algorithm, there is an increase in relay utility as the number of RUEs
increases from 4 to 10 unlike for the SPB RS(KM) algorithm for which the utility
stays constant despite an increase in the number of RUEs. Increased utility as the
number of available RUEs increases points to a willingness to participate in relay
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aided D2D communication due to resulting improvement in relay utility. Hence the
proposed RUB RS (KM) algorithm motivates relay aided communication participa-
tion. Moreover, it is aware of the power expenditure of the potential relay UEs and
provides relays with a reward measure through the defined utility.
Furthermore, for selected channel estimation error values (ξ = 0.08, 0.14 and
0.2), the proposed RUB RS(KM) algorithm offered improved relay utility although
the improvement drops as the channel estimation error is increased from 0.08 to 0.2
indicating the effect of channel perturbations on the relay utility performance. Despite
the drop in performance, the channel uncertainty aware RUB RS(KM) algorithm is
more responsive to relay utility in comparison to the SPB RS(KM) algorithm.
Similarly Fig. 6.7 shows the relay utility performance for a range of source-
destination pairs. The effect of channel estimation errors is also observed in the
figure. Our proposed algorithm shows improved relay utility as there are more po-
tential D2D pairs to assist, unlike the compared algorithm. The compared algorithm
shows an indifferent performance remaining constant despite variation in D2D pair
size. Moreover, although the proposed algorithm is uncertainty aware, that is it fac-
tors in channel estimation errors, it results in improved utility for the relay with more
D2D pairs.
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Figure 6.7: Relay utility (Ur) vs number of D2D pairs (nd)
Social distance based and relay utility aware algorithms are proposed in this chap-
ter. The algorithms are based on the Khun Munkres assignment algorithm. And the
computational complexity of the assignment algorithm is given by O(|nd|3) [129] where
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nd is the number of D2D pairs. Being that the matching is performed in the base
station which has the computational resources, the complexity can be handled.
6.7 Conclusion
In this chapter, the performances of two proposed algorithms have been studied for
joint power control and relay selection in D2D communication. The power control
section of the problem was solved as an optimization problem whereas, for the relay
selection part of the problem, social distance based relay selection and relay utility
based selection algorithms are proposed. The two algorithms are uncertainty aware
in that perfect knowledge of the channel between the source and destination pair is
not available either at the source nor the destination. For the social distance based
selection algorithm, the social distance was uniformly distributed between 0 and 1
whereas, for the relay utility based algorithm, a utility function was defined. Both
proposed methods exploited the power of the assignment algorithm to achieve relay
selection.
The social distance-based algorithm showed promise offering reduced total trans-
mit power in comparison to a benchmark algorithm for a range of relay and D2D
pair sizes. The relay utility based algorithm provided improved utility with respect
to relay size and D2D pair size. Unlike the benchmark algorithm, our uncertainty
aware algorithms still performed better than the benchmark algorithm for the relay
utility based algorithm and for the social distance based algorithm with low values
of channel uncertainty.
This chapter considered full duplex relaying and this can be extended to hybrid
full duplex relaying in which the relay decides to use full duplex or half duplex mode
based on a selected metric.
Summarily, in the work in this thesis, a case of one way DF relaying was considered
in chapter three and in chapter four, a cross-layer selection technique was proposed for
a two way DF relaying scenario. In chapter five, the focus shifted to rate improvement
and robust beamforming for D2D multicast communication. Finally, in this chapter,
a full duplex DF relaying scenario was presented and relay UE centric algorithms
were proposed. The gains of the proposed algorithms in the various scenarios were
also presented. A detailed conclusion is given the next chapter.
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Chapter 7
Conclusion and Recommendation
for Future Research Work
7.1 Conclusion
In this thesis, relay assisted device-to-device communication (D2D) has been studied
and designed algorithms put forward. Relay selection for data forwarding between
pairs of devices was considered in chapters three and four whereas in chapter five,
D2D group communication was considered with a D2D transmitter selection algo-
rithm proposed. Channel uncertainty arising from imperfect channel estimation was
considered in this thesis. The relaying protocol deployed at the relay was decode and
forward relaying. In chapter three, one-way decode and forward relaying was used.
In chapter four, two way decode and forward relaying was used, whereas, in chapter
six, full duplex decode and forward relaying was employed. Problem formulations
put forward in this thesis included rate maximization, utility maximization, transmit
power minimization and beamforming problems. These problems were formulated as
optimization problems with perfect channel estimation and their channel uncertainty
aware counterparts were also formulated. Robust multicast problems were also for-
mulated for non-beamforming and beamforming scenarios. Uplink communication
was considered in this thesis. In this thesis, relay selection algorithms proposed have
included cross-layer selection algorithm, relay utility based relay selection algorithm
and a social distance-based algorithms. Details of the chapter summaries are as fol-
lows:
In chapter three, a physical layer (specifically data rate) based relay selection al-
gorithm was proposed and formulated as an optimization problem that was solved
heuristically using the proposed stable matching based algorithm. Our proposed
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algorithm outperformed a random selection algorithm and offered comparable perfor-
mance to a greedy selection algorithm especially for low transmit power regimes.
In chapter four, a cross-layer relay selection algorithm for D2D communication
is proposed. The proposed algorithm defines a cross-layer term that is a function
of the data rate of relayed communication and the buffer state of the potential re-
lay devices. The relay selection was formulated to maximize the defined cross-layer
term subject to given constraints. To solve the problem, a cross-layer relay selection
algorithm was proposed and the performance demonstrated through computer simu-
lations. The results of the proposed algorithm showed appreciable gains in data rate,
energy efficiency and transmission time. The proposed cross-layer selection algorithm
was shown to offer significant gains over the compared algorithms namely random se-
lection, best source-relay link selection and best relay-destination link selection.
In chapter five, robust multicast communication was considered. The scenario
painted involved the base station grouping D2D users into clusters and selecting a
group transmitter for each group to act as a multicast transmitter. The problem
of D2D multicast communication was formulated as a rate maximization problem
constrained by SINR, transmit power and interference protection values. Both non-
robust and robust counterpart of the problem were formulated and the convexity of
the robust problem was demonstrated. To group the D2D users, K-means clustering
was used and the proximity to the centre of the cluster was used to select a group head.
The solution of the formulated optimization problem showed the gains of clustering
in D2D communication. It also showed that our proposed robust formulation which
was channel uncertainty aware compared to the non–clustered, non-robust version
showed significant rate gains. In formulating the optimization problem, both non-
probabilistic and probabilistic constraint approaches were used and the results from
using these constraints were presented.
Furthermore, in chapter five, a case of multi-antenna equipped cluster heads was
also considered which presented a MISO situation. For this MISO set up, a robust
beamforming problem for D2D multicast communication was formulated. In this
MISO case, a full channel uncertainty scenario was considered. Using triangle inequal-
ity, Cauchy-Schwarz inequality and SDP simplification, a convex robust beamforming
problem was arrived at. The results from solving the formulated optimization prob-
lem were presented. It was shown through computer simulations that the probabilistic
constrained problem when simplified approximated the non-probabilistic constrained
problem for the range of parameters studied.
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Chapter six saw the proposal of two relay selection algorithms. To cater to the
self-interested nature of users of mobile devices, a social distance and relay utility
based relay selection algorithms were put forward. Relay aided D2D communication
was fashioned as a joint problem of power control and relay selection. The power
control problem was simplified to a linear programming problem whereas relay selec-
tion was undertaken by the two proposed algorithms. The results showed that the
social distance-based algorithm offered reduced transmit power in comparison to the
benchmark algorithm for low channel estimation errors. On the other hand, the relay
utility based algorithm showed that with increased relay utility, motivation to relay
(indicated by an increase in the number of relay UEs) was increased.
Stable matching has been central to the formulation of proposed selection algo-
rithms. In chapters three and four, stable matching was the core of the proposed
selection algorithm. The assignment algorithm was the core of the proposed algo-
rithms in chapter six. A comparison of the performance of both approaches is given
in Appendix 1 and their complexity is also stated.
7.2 Recommendation for Future Research Work
D2D communication research has progressed consistently leading to the putting for-
ward of architectures, protocols and algorithms. In the work in this thesis, algorithms
have been proposed and their performances have also been analysed. There are areas
where the work presented in this thesis can be further researched.
7.2.1 Unmanned Aerial Vehicle (UAV) Assisted D2D Com-
munication
In this thesis, relay assisted D2D communication was studied and algorithms proposed
for relay selection. The work of relay-assisted D2D communication can be extended
to study the performance of UAV assisted D2D communication. A use case for UAV
assisted D2D communication is emergency communication for device users that are
not able to access the network due to a disaster. UAV mounted transceivers can be
deployed for search and rescue operations in such scenarios. Since UAVs are mobile
at speeds higher than mobile phones, to propose efficient algorithms for their deploy-
ment, channel models for UAV based relaying needs be developed. Furthermore, the
impact of channel uncertainty due to channel ageing will need to be analysed. In
chapter six of this thesis, selection algorithms that are relay centric were proposed.
Extending the work in chapter six to providing incentives for UAV relay participation
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is an area that can be further researched. Such is applicable where network operators
can seek to exploit the availability of privately owned UAVs for quick/temporary net-
work deployment. Moreover, appropriate association techniques for multiple UAVs
in a network needs to be explored.
7.2.2 Blockchain Based Relay Incentive for D2D Communi-
cation
Incentive designs in D2D communication research mostly base the incentive mech-
anism on auctioneering which can suffer from cheating by device users. Blockchain
techniques can be exploited to provide incentive and payment models for relayed
communication in a manner that is transparent to the network and the devices. Pro-
viding lean algorithms based on blockchain principles is an area that requires further
prodding. Although there have been few forays into crypto-currency based relay in-
centives, the use of blockchain based algorithms for incentives can provide insights
into the suitability of the technology. Blockchain techniques can be used for discovery
sessions where D2D pairs can identify potential relay UEs in a manner transparent
to the network using the concept of the shared ledger.
7.2.3 Relay Assisted Energy Harvesting in D2D Communi-
cation
For the work in this thesis, data communication has been considered and for further
work, it would be insightful to consider relay aided energy harvesting. Also, concur-
rent information and energy transfer via relays using concepts in D2D communication
has not really been delved into. More so employing energy transfer as a reward for
relay services is promising since the information forwarding service by a relay is re-
ciprocated by energy transfer for a served D2D pair. Such two-way transfer is an area
that can be further researched.
7.2.4 Machine Learning Clustering for D2D Communication
Chapter five of the work in this thesis solved robust clustering problems. It em-
ployed a classic approach, the K-Mean to achieve clustering of devices into groups.
That concept can be stretched further to include other emerging machine learning
techniques that make a decision on device clustering based on acquired data of user
behaviour. Furthermore, artificial intelligence based clustering and selection algo-
rithms is an area worth extending the work in chapter five to cover. Furthermore,
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a stochastic game and reinforcement learning are further areas to explore in cluster
formation and cluster head selection.
7.2.5 Uncertainty Paradigms
The work in this thesis has considered channel uncertainty due to imperfect channel
state information. Both deterministic and probabilistic constrained problems were
studied. Worst case uncertainty model was considered for the deterministic case and
for the probabilistic models, known probability sets were used. The work in this
thesis can be extended to consider the cases of other deterministic models such as
ellipsoidal and D-norm models.
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Appendix A
Optimality of Proposed Algorithm
Our proposed algorithm in chapter six is compared with the Kuhn Munkres (or Hun-
garian) algorithm which finds the optimal assignment of a given cost matrix. In
creating the cost matrix, the difference between the relay path and the direct D2D
path (Rr−Rd) was used. Spectral efficiency being the performance metric was shown
for a variation of D2D transmit power and the number of relays. As was explained
in chapter 3, the proposed stable matching (deferred acceptance [DA]) algorithm
attempts to solve a formulated optimization problem albeit not optimally. The op-
timality or otherwise of the stable matching based relay selection proposed in this
thesis is demonstrated here in comparison with the Hungarian algorithm which is
an optimal assignment algorithm. Fig. A.1 shows the plot of the system data rate
against D2D transmit power. Using D2D communication offers higher system spectral
utilization as shown by the system data rate whether mode selection between cellular
and D2D communication is used or more involved algorithms like the DA and the
Kuhn Munkres (KM) based selection algorithms are used. The performance of the
KM-based selection algorithm over the stable matching based algorithm shows higher
optimality although the KM algorithm does not offer players (relay UEs and D2D) a
preference listing opportunity and so ignores the rationality of players. Moreover, sta-
ble matching is shown in the literature to achieve stability. Further insight into how
the stable matching based algorithm stands in comparison with the optimal KM algo-
rithm is given in Fig A.2 where the maximum separation between source-destination
pairs is varied from 5 m to 100 m. The number of relay UEs is also increased from 5
to 10. Having more relay UEs available to assist D2D communication improves D2D
data rate since the D2D pairs can participate in relay aided communication resulting
in increased resource utilization. The availability of idle UEs that can serve s relay
UEs increases participation in relay aided D2D communication. From the plot, the
difference between the optimal algorithm and the proposed algorithm narrows as the
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separation increases towards 100 m. It can be implied that although not optimal, the
proposed algorithm approaches the optimal algorithm for wider separation between
D2D pairs.
A.1 Complexity of Employed Algorithms
In chapters three and four, relay selection algorithms are proposed for D2D commu-
nication. These algorithms are based on the stable matching algorithm. It is shown
in the literature that the computational complexity of stable matching algorithm is
O(|nd|2) [114]. Social distance based and relay utility aware algorithms are proposed
in chapter 6. The algorithms are based on the Khun Munkres assignment algorithms.
And the computational complexity of the assignment algorithm is given by O(|nd|3)
[129]. In both cases, nd is the number of D2D pairs.
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Appendix B
Proof of Convexity of Formulated
Problem
In this research work, optimization problems have been formulated and solutions to
them have been proposed. For some of the optimization problems (as in chapters 3
and 4), the difficulty does not allow a tractable solution using available optimization
tools. The formulation in chapter 5 is a convex problem which is solvable. In this
section, the convexity of the formulated problem is proved. The rate maximization
problem for D2D group communication subject to power and interference constraints
was formulated as:
maxPk,w
K∑
k=1
(Rk) (B.1a)
subject to:
C1 : Pk,w ≤ Pmax,∀k ∈ K (B.1b)
C2 : Pk,w ≤ Ith
d−α
k,k′ (ĝk,w,k′ + |δmaxk,w,k′ |)
,∀k ∈ K, (B.1c)
C3 : Pk,w ≥ 0, ∀k ∈ K (B.1d)
where C1 and C3 are essentially transmit power constraint while C2 is an interfer-
ence threshold constraint. The SINR that the wth receiver in the kth group experiences
be given by:
γk,w =
Pk,wgk,wd
−α
k,w
Pc,wgc,wd−αc,w +
∑
k′ 6=k Pk′ ,wgk′ ,wdk′ ,w + σw
∀k ∈ K, ∀w ∈ W, (B.2)
Let the denominator in equation B.2 be given by Ik for simplicity of expression
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such that;
Ik = Pc,wgc,wd
−α
c,w +
∑
k′ 6=k
Pk′ ,wgk′ ,wd
−α
k′ ,w + σw, (B.3)
Then the equation B.2 becomes,
γk,w =
Pk,wgk,wd
−α
k,w
Ik
∀k ∈ K, ∀w ∈ W, (B.4)
The associated data rate expression can then be written as:
rk = log2(1 +minw∈Wk(γk,w)), (B.5)
Let minw∈Wk(γk,w) be given by γk,w, that is:
γk,w =
Pk,wgk,wd
−α
k,w
Ik
(B.6)
such that the rate term R in the objective function becomes,
Rk = M log2
(
Pk,wgk,wd
−α
k,w
Ik
)
, (B.7)
The optimization problem an then be expressed as:
maxPmin
K∑
k=1
(M log2
(
1 +
Pk,wgk,wd
−α
k,w
Ik
)
) (B.8a)
subject to:
C1 : 0 ≤ Pk,w ≤ Pmax,∀k ∈ K (B.8b)
C2 : Pk,whk′ ≤ Ith,∀k ∈ K, (B.8c)
where hk′ = d
−α
k,k′ (ĝk,w,k′ + |δmaxk,w,k′ |) According to the Lagrange multiplier approach,
the summation of the derivatives (with respect to the transmit power (Pk,w)) of the
objective function and the constraints is equated to 0. That is:
5
( K∑
k=1
(Rk)
)
− λ5
(
Pk,w − Pmax
)
− v5
(
Pk,whk′ − Ith
)
= 0, (B.9)
where 5 is the derivative symbol w.r.t Pk,w, λ and v are non-negative Lagrange
multipliers that relate to C1 and C2. Assuming log2
∼= the natural log (ln), then the
derivative of the objective function is given by
gk,wd
−α
k,w
Ith + Pk,wgk,wd
−α
k,w
. The derivative of
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the objective function is a decreasing function in Pk,w. Substituting this derivative
expression into equation B.9 gives:
gk,wd
−α
k,w
Ith + Pk,wgk,wd
−α
k,w
− λ− h′kv = 0 (B.10)
Pk,w =
[
1
h+ h′kv
− Ith
gmind
−α
min
]
(B.11)
The optimal solution in B.11 should satisfy the KKT conditions
λ
(
Pk,w − Pmax
)
= 0, and (B.12)
v
(
Pk,whk′ − Ith
)
= 0 (B.13)
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Appendix C
Performance of Relay Assisted
D2D Communication with Massive
MIMO
As a follow up to the MISO work in chapter 5, in this appendix a demonstration of
the gains of the co-existence of massive MIMO at the base station and relayed D2D
communication is provided. Metrics for performance analysis are basically spectral
efficiency and energy efficiency.
Considering a multi-antenna equipped base station (with Nt antennas) serving
single antenna equipped M mobile devices (Nt ≥M) among which are D2D devices.
Some of these mobile devices being relay enabled can perform relaying functions. This
creates a MU-MIMO situation.
Using a distance dependent path loss model, the channel model between two
devices (a,b) that are apart by a separation dab is given by hd
−α
ab . Denote h as the
channel between the devices and α is the path loss exponent.
Since uplink communication is used, the BS experiences interference from non-
cellular communication that re-uses uplink cellular communication. SINR at the BS
is given by:
SINRBS =
Pkcgkc
Idc + Icc + σ2
, (C.1)
In equation (C.1), Pkc is uplink transmit power of the kth cellular device. D2D com-
munication creates interference since it re-uses the cellular resources. The aggregate
interference from such D2D sources and cellular sources causing interference to the
kth cellular device is given by Idc and Icc respectively. gkc = |h|2d−αab is the channel
gain of the link between the BS and the kth cellular user whereas σ is the nose power.
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Let the SINR for D2D communication without relay assistance be given by:
SINRSD =
Psdgsd
Icd + σ2
, (C.2)
In equation (C.2), denote the D2D transmit power as Psd, gsd as the D2D channel
gain, Icd as cellular communication interference.
For relayed D2D communication, the SINR can be expressed as:
SINRR = 0.5min(
Psrgsr
Icr + σ2
,
Prdgrd
Icd + σ2
), (C.3)
where gsr and grd are respectively the channel gains of Source - relay and relay -
destination links. Similarly the transmit power of the source and relay are respectively
Psr and Prd. Icr and Icd are respective interference terms.
Given the SINR of a link, the spectral efficiency (SE) can be expressed as:
SE = Blog2(1 + SINR), (C.4)
and for a a given SINR of a link, the corresponding energy efficiency of a communi-
cation link is given by:
EE =
SE
PT
(C.5)
where PT is the total transmit power PT = Pc + Pt (that is the sum of transmit,
Pt and circuit power, Pc).
Being a MU-MIMO scenario, a MIMO receiver technique has to be deployed at
the BS. A simple receiver technique namely zero forcing (ZF) receiver is deployed at
the BS. Using a product of the inverse of a channel matrix and the received signal,
ZF achieves the recovery of the transmitted signal.
C.1 Mode Selection
Here a simple mode selection between direct D2D mode and relayed D2D communi-
cation mode that is based on the data rate of the channel is used. The mode selection
algorithm is given in Algorithm 6 and simulation parameters are listed in Table C.2.
C.2 Performance Evaluation
In Fig. C.1 shows the effect of the number of BS antennas on the area spectral
efficiency (ratio of the spectral efficiency per square area of the cell) for 15 dBm and 23
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Algorithm 6 Mode Selection Algorithm
Input set of users, C
Obtain RC , Rd, Rr, D,
For i = 1:Nd
If Rr ¡ Rd
Compute SINRd
Else
Compute SINRr
Compute ASE, EE
Table C.1: Simulation Parameters
Parameter Value
Bandwidth 20MHz
Radius of cell (r) 500m
Pmax 15,23dBm
Pc 15,23dBm
Power Amplifier Efficiency (PA) 0.5
Circuit power 0.1
Noise Power(σ2) -176dBm/Hz
No. of Cellular Users 250
No. of D2D pairs 50
No. of Relays 20
No. of BS antennas 10-100
Path loss exponent (α) 3.5,4
Channel dependent constant (β) 1
dBm transmit power values. It can be inferred that relayed aided D2D communication
offers improved area spectral efficiency over direct D2D communication. And that
not enabling D2D communication reduces spectral efficiency - this is logical since
D2D communication allows spectrum re-utilization. The plot in Fig. C.1 shows
cellular communication, D2D communication and relay aided D2D communication.
Two transmit powers are considered (15 dBm and 23 dBm). It can also be inferred
that with more antennas at the BS, the ASE also improves for all approaches.
Fig. C.2 the EE is plotted against the number of antennas (10 - 100). It can be im-
plied from the figure that the EE of relay aided communication performance is better
that that of D2D communication and cellular communication considered alone. Fur-
thermore although spectral efficiency enjoys an improvement with increased transmit
power in C.1, the EE experiences a drop in performance in C.2. The separation (var-
ied from 20 to 400 m) between D2D pairs is demonstrated in Fig. C.3 and Fig. C.4.
It can be inferred from Fig. C.3, that when considered alone, the SE performance
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Figure C.2: Effect of number of antennas on EE for Pt = 15dBm, 23dBm
relay aided communication drops with D2D separation whereas when considered with
cellular communication, there is no effect of the separation does not affect the total
ASE. This can be explained from the fact that the drop in performance in relay aided
communication is overshadowed by cellular communication.
Similarly, Fig. C.4 shows the EE performance as the separation between D2D
pairs is increased. Separation between D2D pairs directly affects D2D communication
performance and cellular communication. An increase in D2D separation will imply
reduced interference for a cellular users with which the D2D pairs shares a resource,
hence the rise in the plots. On the other hand a separation increase will reduce
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the likelihood of successful reception for D2D communication. Conclusively having
more antennas can improve the overall energy efficiency and energy efficiency of an
underlay D2D communication with suitable mode selection technique.
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